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The application of externally bonded fiber reinforced polymer (FRP) 
composites has achieved enormous popularity in recent times for the 
strengthening and repairing of old concrete bridges and buildings. Specifically, 
concrete columns and bridge piers in existing structures, which generally have 
inadequate transverse reinforcement as per old design codes, are vulnerable to 
seismic attacks and thus they need to be strengthened to enhance their strength 
and ductility. The externally bonded transverse FRP systems provide additional 
confinement which lead to an increase in the compressive strength, shear 
capacity and ductility of the confined columns and piers.  
Previous studies on FRP-confined columns indicated that the 
confinement effect is most significant in circular column sections and, to some 
extent, in square sections rather than in rectangular sections with large aspect 
ratios. But, in reality, many building columns and bridge piers are rectangular in 
shape with an aspect ratio of more than 1.5, and as large as 7, which may well 
be termed “wall-like” columns. To enhance the confinement effect from FRP 
systems, reprofiling of rectangular columns is proposed herein by adding two 
circular concrete segments at the shorter sides and thus forming a capsule-
shaped section before applying the transverse FRP reinforcement. 
The current thesis presents the details and results of a study on the FRP-
confined capsule-shaped columns subjected to axial and lateral loads. The main 
parameters of the study were the effect of section geometry and the number of 
ply of transverse FRP sheets.   
 viii
The axial load tests showed significant enhancement in axial load 
capacities of capsule-shaped columns. The proposed confinement models are 
valid for circular, square, rectangular and capsule-shaped sections and they 
showed reasonable accuracy to predict the axial load capacity of tested columns.  
The pushover load tests on FRP-confined rectangular and capsule-
shaped columns showed the effectiveness of transversely bonded FRP systems 
to prevent the shear failure and to enhance ductility significantly. The predicted 
load-displacement profiles matched very well with the experimental 
observations. The stiffness and strength degradations in cyclic load test of FRP-
confined column were also prevented by the externally bonded FRP 
reinforcement.  
A finite element model of FRP-confined capsule-shaped columns was 
developed and calibrated using the cyclic response obtained from the test and 
hysteresis parameters were determined. Two case studies consisting of FE 
analysis of a building frame and a bridge pier were illustrated. In both studies, 
FRP confinement prevented the shear failure and enhanced the drift ratio of the 
structure. The seismic adequacy of FRP-confined pier was checked against the 
seismic demand for Northridge earthquake. 
 
Keywords: Fiber reinforced polymer, aspect ratio, capsule-shaped columns, 
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Retrofitting and strengthening of existing concrete structures are the greatest 
challenge for modern civil engineers and the needs for strengthening of concrete 
structures can be summarized as follows: 
          (i) Increased live loading: Investigations on some recent structural 
failures like Versailles wedding hall disaster in Jerusalem (2001) and De la 
Concorde overpass collapse in Canada (2006) revealed that the main reasons 
behind the collapse is increased live loads. In the first case, the live load due to 
occupancy during wedding ceremony was typically much greater than the 
design load for a roof. The Concorde overpass was built in 1970 and it was 
impossible for the engineers at that time to anticipate the large traffic volume 
which some of the existing bridges are forced to accommodate nowadays. 
However, the design life of such existing structures are not expended, thus it 
will be economically unfeasible to demolish them. Thus, strengthening of these 
structures are warranted. 
          (ii) Stringent updates in design code regulations: The reinforcement 
detailing, specifically the insufficient transverse reinforcement in plastic hinge 
regions and inadequate lap splice in column-foundation joints, have been found 
as the most critical reasons of column failure during some severe earthquakes 
like Loma Prieta in 1989, Northridge in 1994 and Kobe in 1995. Prior to the 
introduction of modern seismic codes in the late 1960s in US and Japan and late 
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1970s for many other parts of the world (Turkey, China etc.), many structures 
were designed without the knowledge of the need of ductility in plastic hinge 
region. Stringent updates in seismic design codes related to the requirement of 
large ductility demand (ACI 318-2002) lead to the strengthening of existing 
building columns and bridge piers with inadequate reinforcement detailing for 
seismic protection.                                                         
          (iii) Deterioration of concrete structures through aging and environmental 
degradation: Many concrete structures such as old buildings, temples, bridges 
suffer severe cracking or spalling of concrete surface due to aging or adverse 
environmental condition. While such cracks may not cause failure, they can 
expose reinforcements to corrosion. FRP confinement, in addition to the 
strength enhancement, can indirectly protect those structural elements from 
further cracking as well as can act as a barrier against rapid corrosion of 
reinforcements. 
1.2 Retrofitting by Fiber reinforced polymer systems 
The use of fiber-reinforced polymer (FRP) composites for retrofitting of 
deteriorated and functionally deficient concrete structures have gained 
enormous popularity in the civil engineering community over the last two 
decades. Pantelides et al. (2001) reported a practical application of FRP 
retrofitting for seismic rehabilitation of the State Street Bridge in Salt Lake 
City, US which was built in 1965 without considering any earthquake demands. 
Cosenza et al. (2003) reported a complete study on the improvement in seismic 
performance of the aging Bell Tower in Italy using FRP composites. The 
analysis, seismic rehabilitation measures, and in-situ performance of retrofitted 
reinforced-concrete (RC) multi-column bridge piers using carbon fiber-
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reinforced-polymer (FRP) composite jackets were reported by Pantelides et al. 
(2007).   
Many design codes on the fiber reinforced polymer reinforcement for 
retrofitting of existing concrete structures have been developed in recent times 
like FIB (2006), Canadian guidelines for bridges and buildings (CAN/CSA-S6-
2000 and CAN/CSA-S806-02 (R2007)) and ACI 440 etc. 
Among the various applications of FRP materials in retrofitting, a most 
attractive application is using the FRP reinforcements as confining devices for 
both concrete columns and piers. The benefits of using externally bonded FRP 
reinforcements to confine columns and piers are generally twofold. Firstly, the 
compressive strength of columns could be enhanced by FRP confinement which 
leads to the increase in axial load carrying capacity. Secondly, the seismic 
performance of columns/piers could be improved by increasing the shear 
capacity and ductility. Also, retrofitting of concrete columns by external FRP 
systems are an easy and fast repairing method compared to the steel jacketing 
and concrete jacketing. The FRP systems are highly non-corrosive and hence, 
external jacketing of damaged columns or structures by FRP systems in 
corrosive environment could be very effective. 
1.3 FRP-confined concrete columns 
Externally bonded FRP systems act as an additional lateral confinement to 
concrete columns and bridge piers with inadequate transverse steel 
reinforcement.  Recent studies on FRP-confined columns showed remarkable 
increases in axial strength, shear capacity and ductility (Mirmiran and Shahawy 
1995, Miyauchi et al. 1997, Seible et al. 1997; Rochette and Labossiere 2000; 
Pessiki et al. 2001; Lam and Teng 2002; Chaallal et al. 2003).  
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The confining action of FRP systems provides the best performance on 
circular columns, whose geometrical configuration allows the fibers to be 
effective on the entire cross-section. For square and rectangular columns, due to 
the presence of the sharp corners and the linear segments, a considerable part of 
the columns remains unconfined. Thus, in the case of rectangular sections, the 
FRP confinement effect would not be much significant as in circular sections, 
particularly for rectangular columns with large aspect ratios (ACI 440 2002).  
But, in reality, many building columns and bridge piers are rectangular 
in shape with an aspect ratio of more than 1.5, and as large as 5, which may be 
termed as “wall-like” columns (Figure 1.1). The lack of FRP-confinement effect 
on such rectangular columns motivated the present study to explore some new 
technique to improve the performance of FRP-confined rectangular columns.  
Re-profiling of the rectangular sections followed by FRP-retrofitting could be 
beneficial for this purpose.  
1.3.1 Reprofiling of the rectangular sections 
For re-profiling, two semi-circular segments could be added at the two shorter 
ends of the rectangular section to form a capsule-shape column. The reprofiling 
procedure is shown in Figure 1.2. The shorter sides of rectangular column could 
be hacked first for better bonding between existing and new concrete segments. 
Then, the welding of the new steel links in semi-circular segments with the 
existing links in rectangular column could be done followed by the casting of 
the semi-circular segments.  The diameter of these semi-circular segments is 
same as the width of the rectangular section. After casting of the semi-circular 
segments, transverse FRP systems will be bonded on the capsule-shaped 
columns. Thus, the capsule-shaped column would have a higher confined 
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concrete area than rectangular column and hence, FRP-confinement effect could 
be improved.  
Another way of reprofiling method to obtain a capsule-shaped section is 
to add circular segments at the shorter sides of the rectangular section as shown 
in Figure 1.3. In this reprofiling method, there would be no reinforcements in 
the added circular segments as the thickness is small, about 19% of the depth of 
the column. Thus, the total area of the existing column and the longitudinal steel 
reinforcement ratio would not change apparently. For reprofiling, the shorter 
sides of the rectangular column could be hacked followed by casting of the 
circular segments. 
1.4 Research Objectives  
Anticipating that the reprofiling technique could be beneficial in improving the 
confinement effect of FRP, the primary objective of this study is to evaluate the 
extent of enhancement in strength and ductility of these reprofiled rectangular 
columns named herein as capsule-shaped columns. With the above focus in 
mind, the scope of this study covers: 
             1. Evaluation of the enhancement in axial load capacity 
 To evaluate the enhancement in axial load capacity of FRP-confined 
capsule-shaped columns, confinement models have been developed. The 
efficiency of the proposed confinement models have been verified by a detailed 
experimental investigation on axially loaded FRP-confined capsule-shaped 
concrete columns. FRP-confined capsule-shaped columns with aspect ratios 
ranging from 1 to 4 were tested and the test results have been analyzed and 
compared considering the effect of reprofiling and FRP confinement.  
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2. Evaluation of lateral load-displacement response 
     Analytical and numerical models have been developed to predict the 
lateral load-displacement response of FRP-confined capsule-shaped columns. 
To prevent the shear failure in a deficient column, the column has been confined 
by transversely bonded FRP reinforcements around the entire height of the 
column. Additionally, to improve the ductility, the plastic hinge of column has 
been confined by external FRP systems. To verify the proposed models, a 
detailed experimental study has been carried out on FRP-confined columns 
under pushover and cyclic load. The effectiveness of the two proposed 
reprofiling methods has been examined by comparing the shear capacity and 
ductility of FRP-confined reprofiled columns with the unconfined columns. The 
effectiveness of FRP confinement has been evaluated by comparing the 
performance of unconfined and FRP-confined columns.  
        3. Practical applications of FRP retrofitting 
 Based on the findings from the axial and lateral load studies on FRP-
confined columns, numerical case studies have been carried out to evaluate the 
performance of as-built and FRP-retrofitted residential building and bridge pier 
under lateral loading.  
1.5 Organization of the thesis 
This thesis consists of six chapters. Chapter 1 discusses the background of the 
present research work, and the research objective and scope.  
Chapter 2 gives a detailed review on the previous research works in the 
area of FRP retrofitting on concrete columns to enhance the strength and 
deformation capacity. The need for further research on confinement effect of 
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FRP systems in case of rectangular columns with high sectional aspect ratios is 
highlighted. 
Chapter 3 presents a detailed analytical and experimental study on the 
enhancement of axial load capacity of capsule-shaped columns by FRP 
retrofitting.  
In Chapter 4, theoretical and numerical predictions of lateral load-
displacement characteristics of FRP confined capsule-shaped concrete columns 
are presented. This is followed by a detailed description of lateral load tests 
study on FRP-confined capsule-shaped columns.  
In Chapter 5, numerical case studies on the performance of a retrofitted 
four storied building structure and a retrofitted bridge pier are presented. 
Chapter 6 summaries the research works with some important 
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External confinement of concrete by steel tubes or transversely bonded FRP 
systems significantly enhances the strength and ductility of columns. Richart et 
al. (1928) first observed that the strength and ductility of the concrete was 
enhanced in a similar manner by both active confinement from lateral fluid 
pressure and passive confinement from closely spaced transverse steel stirrups. 
Since then, numerous tests on small concentrically loaded specimens confined 
by transverse steel spirals and stirrups were performed and monotonic stress-
strain models of confined concrete were established (Kent and Park 1971, 
Popovics 1973, Sheikh and Uzumeri 1980, Ahmad and Shah 1982, Scott et al. 
1982, Park et al. 1982).  
Uniaxial compression tests on concrete cylinders wrapped with fiber 
reinforced polymer (FRP) fabrics was first conducted by Fardis and Khalili 
(1981). In the last two decades, several studies on external confinement of 
concrete using FRP composites have been carried out which showed significant 
enhancement in confined compressive strength of FRP-confined columns 
(Harmon and Slattery 1992; Demers and Neale 1994; Nanni and Bradford 1995; 
Karbhari and Gao 1997; Mirmiran et al. 1998; Miyauchi et al. 1999; Saafi et al. 
1999; Rochette and Labossiere 2000; Xiao and Wu 2000; and Zhang et al. 
2000).  
Moreover, it was found that the externally bonded FRP sheets around 
the plastic hinge region of RC columns provides additional shear strength to 
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columns which prevents brittle shear failure and results in a ductile flexure 
failure (Saadatmanesh et al. 1996, Xiao et al. 1997, Seible et al. 1997, Ye et al. 
2003).  
The previous studies on FRP-confined columns under axial and lateral 
loading have been reviewed and discussed in the following sections. 
2.2 FRP-confined columns under axial loading 
In recent years, the effectiveness of FRP confinement has been studied for 
circular, square and rectangular sections (Mirmiran and Shahawy 1997; 
Miyauchi et al. 1999; Rochette and Labossiere 2000; Pessiki et al. 2001; 
Chaallal et al. 2003; Lam and Teng 2003; IIki et al. 2008). Mainly, three types 
of FRP systems that are carbon, glass and aramid FRP systems were studied. 
The test parameters were primarily the number of FRP layers, unconfined 
compressive strength of concrete, section aspect ratio and corner radius ratio for 
square and rectangular columns. It was found that the confined compressive 
strength and ductility of concrete column increases with the increasing 
volumetric ratio of confining reinforcement. In addition, it was observed that 
the effectiveness of FRP confinement was better in circular columns than in 
rectangular or square columns.  
To predict the confined compressive strength of columns under axial 
loading, various confinement models for FRP confined concrete column have 
been proposed (Restrepol and DeVino 1996; Karbhari and Gao 1997; Samaan et 
al. 1998; Miyauchi et al. 1999; Saafi et al. 1999; Toutanji et al. 1999; Lam and 
Teng 2003; IIki et al. 2008).  The effect of various parameters on the 
confinement effect of fibre reinforced polymer systems as well as the stress-
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strain relations of FRP-confined sections are summarized in the following 
sections. 
2.2.1 Effect of FRP amount and concrete strength  
The effect of amount of FRP reinforcement in increasing the axial load capacity 
and ductility of confined columns has been studied by researchers like Mirmiran 
and Shahawy (1997), Miyauchi et al. (1999), Rochette and Labossiere (2000), 
Pessiki et al. (2001), Chaallal et al. (2003) and others. It has been found that the 
increase in axial stress of confined columns is proportional to the thickness of 
FRP plies. The typical stress-strain relation of confined rectangular columns of 
cross-sectional aspect ratio of 1.53 with different number of FRP plies as 
studied by Chaallal et al. (2003) is shown in Figure 2.1. For unconfined 
columns, the ultimate stress was around 29 MPa whereas for columns confined 
with 1, 2, 3 and 4 plies, the ultimate axial stress reached around 33, 37, 43 and 
48 MPa respectively and thus, the enhancement in axial stress was found as 
13%, 27%, 48% and 65% respectively. Hence, a significant increase in axial 
stress can be achieved with increasing amount of transverse FRP reinforcement. 
The effect of unconfined compressive strength of concrete was 
examined using low and high strength concretes by Mirmiran et al. (1997), 
Miyauchi et al. (1999), Chaallal et al. (2003), Lam and Teng (2003) and Alper 
IIki et al. (2008). From their work, it is evident that with higher strength of 
concrete, the increase in axial strength is relatively less than for lower strength 
concrete column with the same confining pressure. This can be attributed to the 
smaller deformability of higher strength concrete resulting in lower confining 
pressure. The strengthening ratios for low and high strength concrete columns 
are shown in Figure 2.2. For columns with unconfined compressive strength of 
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20.7 MPa, the gain in strength was as high as 90% whereas for high strength 
concrete (41.4 MPa) the gain in strength was only 30%, which indicates that 
FRP confinement will be more effective for low strength concrete columns. 
Also from this figure, it is seen that the gain in strength varies linearly with the 
number of FRP plies. 
2.2.2 Effect of aspect ratio and shape of column 
FRP-confined rectangular columns with different aspect ratios have been 
studied by Chaallal et al. (2003), Lam and Teng (2003), Harajli (2006), IIki et 
al. (2008). Most of them considered sections with aspect ratio of 1 (square) or 2 
while very few researchers like Tan (2002) and Harajli (2006) investigated 
columns with high aspect ratio of 3.65 and 2.71 respectively. It has been found 
that the increase in axial load capacity of FRP-confined rectangular columns 
with aspect ratio 3.65 were merely 10-15% than the control columns (Tan 
2002). FRP-confined columns with high section aspect ratios showed 
insignificant increase in axial strength and this can be attributed to the lower 
confining pressure and confined concrete area.  
Usually, the sharp corners of the square and rectangular columns were 
generally rounded off to reduce the stress concentration at the corners. It has 
been found experimentally and theoretically that with higher corner radius (r), 
the effective confined concrete area increases for externally confined columns, 
which helps to increase the ultimate confined compressive strength of concrete 
(Lam and Teng 2003, Al-Salloum 2007, Wang and Wu 2008). Different ratios 
of corner radius to width (r/b = 0 to 0.5) of square columns have been examined 
to achieve higher increase in axial strength (Al-Salloum 2007) and results are 
shown in Figure 2.3. It is evident that the axial strength enhancement is 
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maximum for circular section than square and rectangular section; since, for 
circular section, the total area of concrete is effective. Moreover, it is evident 
that the increase in axial strength of confined square columns is proportional to 
the corner radius. 
2.2.3 FRP-confinement models 
Based on the experimental observations on FRP-confined concrete columns, 
various confinement models have been proposed considering the effect of 
amount of FRP reinforcements, unconfined compressive strength of concrete 
and aspect ratio and shape of column. The concept of providing lateral 
confinement to the concrete column and thus, enhancement of the confined 
compressive strength of concrete was conceived by early investigators like 
Richart et al. (1928) and Balmer (1949). They proposed the following general 
relationship between axial strength and lateral confining pressure of concrete 
confined by an active hydrostatic pressure: 









fkεε                                                                                         (2.2) 
where, 
 f’cc = maximum confined compressive strength of concrete 
εcc = maximum axial compressive strain in concrete  
fl; = lateral fluid pressure   
f’co = unconfined compressive strength of concrete 
εco = axial strain in concrete corresponding to f’co 
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 Richart et al. (1928) proposed the value of the coefficients as k1 = 4.1 and k2 = 
5 k1 based on their study. Balmer (1949) observed k1 varied between 4.5 and 7.0 
where the higher values occurring at lower lateral pressure. After that, 
numerous tests have been carried out by different investigators, such as 
Vellenas et al. (1977), Mander et al. (1984), Scott et al. (1982) and Sheikh and 
Uzumeri (1980) on nearly full-size confined specimens and they have 
demonstrated that the confinement can be improved by increasing the amount of 
transverse steel reinforcement and using the circular links or spirals instead of 
the rectangular links.  
To quantify these effects of confinement on the stress-strain behavior of 
concrete, Mander et al. (1988) proposed a unified stress-strain approach for 
both circular and rectangular confined concrete columns confined by steel 
transverse reinforcement as shown in Figure 2.4. For monotonic loading, the 










ε=                                                                                                             (2.4) 
where, 
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where, 




sec =                                                                                                       (2.7) 
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where, 
 fl = lateral confining pressure on concrete  
Mander et al. (1988) proposed fl as a function of effective confinement co-
efficient, amount of transverse steel links and yield strength of steel links. The 
effective confinement co-efficient was defined as the ratio of confined concrete 
area to the total area of column section. For circular columns, the whole section 
is effectively confined and but for rectangular columns, only a part of area is 
effectively confined. 
To calculate the confined concrete core area (Ac) of rectangular section 
confined with transverse steel reinforcement, Mander et al. (1988) assumed 
arching action in the form of second-degree parabola with an initial tangent 
slope of 45° occurring between two longitudinal bars in horizontal direction and 
between layers of transverse stirrups in vertical direction as shown in Figure 
2.5. Confined concrete core was assumed as the area enclosed by these arches in 
plan. 
Restrepol and DeVino (1996) extended Mander's confinement model to 
determine the axial load capacity of reinforced concrete columns confined by 
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externally bonded FRP composite jackets. This study took into account the 
confinement effect due to both steel and FRP jacket. The compressive strength 
of confined concrete f ’cc was given by: 
''
coccc fkf =                                                                                                       (2.9)                               
where, 
 kc = concrete strength enhancement factor 
 kc depends on biaxial state of stresses induced by the effective lateral confining 
pressure as given by the following equations: 






















fα                                                          (2.12)   
where F and f are the maximum and minimum lateral confining pressure (fl) in 
the two orthogonal directions X and Y as shown in Figure 2.6 and are given by 
FRPexlx fkfF ρ==                                                                                 (2.13a)               
FRPeyly fkff ρ==                                                                                   (2.13b)               








2=ρ                                                                                                  (2.15)                                  
where, 
 n = number of ply of FRP sheets 
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tFRP = thickness of a single ply of FRP sheet 
b= width of the section 
h = depth of the section 
The effective confinement coefficient ke is given by: 
A
A
k ce =                                                                                                         (2.16) 
where, 
 Ac = area of confined concrete core 
A = total area of the column 
 fFRP = tensile strength of FRP systems in hoop direction 
Restrepol and De Vino (1996), Lam and Teng (2003), Harajli (2006) 
considered the same arching action to calculate the effectively confined 
concrete core area of FRP wrapped square and rectangular columns (Figure 2.6) 
and is given by: 
( ) ( )
3
'' 22 bhhbAc
+−=                                                                                   (2.17) 
where, 
h’ and b’ are the straight portion along two perpendicular sides as shown in 
Figure 2.6 and are given by 
rhh 2' −=                                                                                                      (2.18) 
rbb 2' −=                                                                                                      (2.19) 




2===                                                                              (2.20) 
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where,  
d = diameter of circular column 
Thus, from Equation 2.12, α 2 = 1. 
 Also, since, the entire concrete core is considered to be fully confined for 
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⎛ −−+=                                             (2.21) 
Spoelstra and Monti (1999), Fam and Rizkalla (2001) and Chun and Park 
(2002) adopted the model of Mander et al. (1988) as the confinement model for 
FRP-confined concrete. However, numerous studies on FRP-confined concrete 
columns under axial loading revealed that the behaviors of FRP-confined 
concrete columns are significantly different from steel-confined concrete (Nanni 
and Bradfold 1995; Mirmiran and Shahawy 1997; Samaan et al. 1998). It has 
been found that the behavior of FRP-confined concrete columns is actually 
bilinear. Both steel confined and FRP confined cylinders have been tested by 
Samaan et al. (1998). From the test results they concluded that the external FRP 
jackets apply an increasing confining pressure until it reaches the rupture strain. 
Actually, FRP material exhibit a linear stress-strain relation till rupture and 
hence, for FRP confined concrete, the lateral confining pressure could be 
increased until rupture of FRP systems. While the confining pressure provided 
by steel jacket remains constant after the yielding of the jacket under hoop 
tension.  
After that, different confinement models for FRP-confined circular 
columns have thus been proposed which consider Equation 2.1 with 
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modification in k1 (Karbhari and Gao 1997; Samaan et al. 1998, Miyauchi et al. 
1999, Saafi et al. 1999, Toutanji 1999) as shown in Table 2.1 and Figure 2.7. 
 Lam and Teng (2002) summarized the experimental results observed by 
various researchers on FRP confined circular column with diameter varies 
mostly from 100 to 152mm (Howie and Karbhari 1994, Karbhari and Gao 1997, 
Watanable et al. 1997, Harries et al. 1998, Matthys et al. 1999, Rochette and 
Labossiere 2000, Xiao and Wu 2000, Mastrapa 1997, Mirmiran et al. 1998, 
Tegola and Manni 1999, Ahmad et al. 1991, Harmon and Slattery 1992, Demers 
and Neale 1994, Nanni and Bradfold 1995, Picher et al. 1996, Soudki and 
Green 1996, Miyauchi et al. 1997, 1999, Saafi et al. 1999). They observed that 
most of the test results on FRP confined circular columns show a simple linear 
relationship (as in Equation 2.1) between strengthening ratio f’cc / f’co and 
confinement ratio fl /f’co as shown in Figure 2.8. Based on their observation, 
they proposed the slope k1 as a constant value of 2. From Figure 2.8, it is 
evident that the confinement ratio (fl /f’co) generally varies from 0.08 to 1.0 with 
few exceptions when the value of fl / f’co are nearly 2.0 as found from the studies 
by Nanni and Bradfold (1995), Tegola and Manni (1999), Karbhari and Gao 
(1997).  
The existing confinement models to calculate the confined compressive 
strength (f’cc) for different amount of lateral confining pressure (fl) for FRP-
confined rectangular columns is summarized in Table 2.2. Lam and Teng 
(2003) considered the equivalent circular column approach as shown in Figure 
2.9 to calculate the effective confinement co-efficient (ke) and lateral confining 
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pressure. They proposed a modification in k1 in Equation 2.1 by considering the 




















⎛+=                                                                    (2.22) 
In the above equation, fl is the lateral confining pressure on an 
equivalent circular column of diameter d according to Equation 2.20 where  
22 hbd +=                                                                                                 
(2.23) 
This model is based on axial load test results on FRP-confined square 
and rectangular columns with aspect ratio 1.5. For square and near square 
columns, this model will be efficient but for rectangular columns with high 
aspect ratio (more than 2) this model might be very conservative. As an 
example, FRP-confined rectangular columns tested by Harajli (2006) have been 
taken here. For rectangular section with dimension 79mm x 214mm, that is b/h 
= 0.37 and corner radius of 15mm, Ac/A has been calculated as 0.62 as per 
Equation 2.17. For confinement with 2 plies of CFRP sheets, the confinement 
ratio (fl /f’co) of equivalent circular column calculated as 0.21, which produced 
the value of f’cc / f’co as low as 1.12. While, Harajli reported the value of  f’cc / 
f’co as 1.37. 
Al-Salloum (2007) studied the square columns with different corner 
radius and thus, their model was validated by the test results of square columns 
only. Harajli (2006) studied FRP-confined columns with various aspect ratios 
like 1, 1.73 and 2.71 and proposed a confinement model with good correlation 
between predicted and test values. He also showed close prediction of test 
results showing axial load-deformation profiles of FRP-confined rectangular 
 21
 
Chapter 2 Literature review 
columns (aspect ratio 3.65) studied by Tan (2002). But, for aspect ratio more 
than 3.65, this model may over predict the confined compressive strength of 
concrete columns. IIki et al. (2008) validated their confinement model with 
axial load test results of FRP-confined square and rectangular columns with 
aspect ratio 2.  
Thus, it is evident that the various FRP-confinement models are 
available which were developed based on rectangular columns with different 
sectional aspect ratio ranging from 1 to 3.65. 
2.2.4 Stress-strain models for FRP-confined columns 
Initially, the stress-strain relationship for steel-confined concrete has been 
followed for axially-loaded FRP-confined columns. But, later, it was found that 
the stress-strain profile of FRP confined concrete column is not the same as 
steel confined concrete and this was first reported by Nanni et al. (1995). The 
stress-strain response of FRP-confined concrete follows a bilinear profile with a 
bend-over point at the peak stress of unconfined concrete, which corresponds to 
a strain of 0.002 as shown in Figure 2.10. Mirmiran et al. (1997,1998), 
Mastrapa (1997), Rochette and Labossiere (2000), Chaallal et al. (2003), Lam 
and Teng (2003), Harajli (2006), IIki et al. (2008) and others reported the same 
bilinear response of FRP confined concrete with the second branch ascending 
after that bend-over point.  
Due to the passive nature, FRP confinement comes into action at a level 
when the lateral expansion is usually in the vicinity of the peak stress of the 
unconfined concrete. Hence, the slope of first linear branch depends solely on 
the unconfined compressive strength of concrete. After reaching the unconfined 
strength, micro-cracks grow and the Poisson’s ratio of concrete exceeds the 
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usual value of 0.2. Thereafter, the FRP jacket becomes the lone restraining 
device against catastrophic failure and thus, the slope of the second linear 
branch depends on the stiffness of FRP jacket as shown by Samaan et al. 1998. 
The stiffness of FRP jacket was proposed as inversely proportional of diameter 
of circular columns since they validated their model with test results of the 
axially loaded concrete cylinders. 
It is evident that for circular columns with large diameters or rectangular 
columns with high aspect ratios, the stiffness of FRP systems as well as the 
lateral confining pressure will be less which will lead to less increase in axial 
stress. In other way, it can be said, that the stress-strain model may not be 
strictly bilinear for large circular columns or square and rectangular columns 
with high aspect ratios. Figure 2.11 shows the stress-strain profiles of FRP-
confined square columns with varying corner radius (r = 0, 15, 30, 45, 60 and 
75) as studied by Wang and Wu (2008). These columns were confined with 1 
ply of FRP sheets. It is evident from Figure 2.11 that for columns with corner 
radius up to 45mm, the stress-strain profiles were not truly bilinear. For r = 60 
and 75 (that is circular column), bilinear stress-strain profiles were observed. 
This may be due to the less stiffness of FRP jacket in case of non-circular 
sections and also FRP wraps might be ruptured prematurely before reaching the 
ultimate tensile strain for square columns with smaller corner radius. 
2.3 FRP Confined columns under lateral loading 
From the preceding section, it is evident that FRP confinement is an effective 
means for improving axial strength of existing old building columns and bridge 
piers. In the last few years, several studies related to seismic retrofitting of old 
bridge piers and building columns using FRP confinement have been 
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performed. Inadequate lateral reinforcement and improper splicing of 
longitudinal reinforcement in the plastic hinge zone of columns have been 
featured as some of the main causes of the collapsed buildings and bridges 
during earthquakes.   
To enhance the axial load and shear capacities, as well as to increase the 
ductility and energy dissipation capacities, reinforced concrete columns could 
be confined using transverse FRP systems.  Recent studies have indicated that 
FRP confined square or rectangular columns with cross-sectional aspect ratio of 
up to 1.5 exhibited significantly improved performance under cyclic or 
pushover loading. Hence, the types of column failures during earthquakes and 
the studies related to the seismic retrofitting of columns by CFRP confinement 
will be discussed in the subsequent sections.  
2.3.1 Types of column failures due to earthquakes 
Severe earthquakes in urban areas around the world such as the one in San 
Fernando (1971), in Loma Prieta in San Francisco (1989), in Northridge near 
Los Angeles, California (1994), in Kobe (1995), in Bhuj (India, 2001), in Bam 
(Iran, 2003), in Yogyakarta (Indonesia, 2006), in Sichuan (China, 2008) have 
revealed the vulnerabilities of some existing reinforced concrete columns to 
seismic deformation demands. The devastation during these earthquakes has 
been mainly attributed to the improper and inadequate reinforcement detailing 
of building columns as well as bridge piers. The main reasons of column failure 
are: (a) brittle shear failure of columns; (b) flexural-shear failure of column at 
mid-height due to premature termination of longitudinal reinforcement and 
inadequate confinement; (c) flexural plastic hinge failure in column-foundation 
joint and beam-column joint; (d) bond failure of lap splices at column base; and 
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(e) failure of column caused by buckling of longitudinal reinforcement due to 
insufficient transverse hoop reinforcement and inadequate concrete cover. 
Among the above failure modes, the most critical one is the column 
shear failure which initiates with inclined cracking and then, is followed by 
cover concrete spalling, rupture or opening of transverse stirrups and finally 
resulting in brittle column failure with explosion (Figure 2.12). This failure 
occurred due to insufficient shear reinforcements in the form of transverse steel 
stirrups provided to the column height. It can be prevented by providing 
external shear reinforcement in the form of fiber reinforced polymer wrapping 
in the hoop direction along the entire height of the column.  
The flexural failure of the plastic hinge region is another common 
failure mode of columns. In this case, failure starts with flexural cracking, cover 
concrete crushing and spalling, longitudinal bar buckling and compression 
failure which finally results in plastic hinge deterioration (Figure 2.12). This 
failure mode is less destructive because of its large displacement ductility. The 
FRP confinement has been proved to be beneficial for preventing cover 
concrete spalling, providing lateral support to the longitudinal steel 
reinforcement and for the enhancement of concrete strength and deformation 
capacities; and thus, this could prevent flexural hinge failure and failure of 
column at mid-height location due to inadequate flexural reinforcement 
detailing.  
In some of the existing bridge piers and building columns, lap splicing 
of longitudinal reinforcement was found near the lower end of column to 
connect the footing with the column. Starter bars were placed during the footing 
construction and later lapped with the longitudinal reinforcement in the region 
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of maximum column moment. Splicing of steel bars in the potential plastic 
hinge region with short splice length and lack of insufficient internal transverse 
steel reinforcement resulted in premature bond failure of spliced bars, cyclic 
bond degradation and loss in lateral load capacity which finally leads to the 
collapse of the whole structure as shown in Figure 2.12. FRP Confinement is 
again proved advantageous when applied in the plastic hinge region to prevent 
bond failure of the spliced bars in the column-foundation or column-beam joints 
(Harajli 2008). 
2.3.2 Seismic retrofitting by FRP confinement 
To improve the strength and ductility and to prevent collapse of columns due to 
failure in plastic hinge region, recent studies have been carried out on columns 
with potential plastic hinge region confined by FRP systems and tested under 
lateral loading. Cyclic load test on scaled down FRP confined circular and 
rectangular columns footing assemblages have been performed by 
Saadatmanesh et al. (1996), Lavergne and Labossiere (1997), Seible et al. 
(1997) and Harajli (2008). These model columns had adequate footing 
reinforcement to ensure failure within plastic hinge region. Inappropriate 
reinforcement detailing was done in columns to replicate the reinforcement 
details of the existing old columns which are weak in shear, flexure and possess 
low ductility. Tests were performed on both unconfined and confined columns 
under horizontal cyclic loading while maintaining a constant axial load.  
The main findings of these studies are (i) RC columns (489mm x 
730mm) confined by FRP systems in the plastic hinge region showed a very 
significant enhancement in ductility with very stable hysteresis loops up to a 
ductility factor of 10.0 whereas the ductility factor for as-built column was only 
 26
 
Chapter 2 Literature review 
3 (Seible et al. 1997); (ii) the shear failure mode of shear-deficient square 
columns (200mm x 200mm) had been changed to flexural mode of failure with 
a displacement ductility as high as 5.77 (Ye et al. 2003); (iii) columns (400mm 
x 600mm) with lap-splices in the hinge regions failed at a drift ratio of 2 due to 
the splitting bond failure of the lapped starter bars before yielding occurred 
(Harajli 2008); (iv) by FRP confinement in the lap-splice region of the columns, 
the splitting bond failure could be prevented, as well as, the drift ratio can be 
increased to a level of 6% (Harajli 2008). 
Seible et al. (1997) have proposed an analytical model to calculate the 
FRP thickness required to prevent three main types of column failure, namely: 
(i) shear; (ii) flexural failure at plastic hinge region; and (iii) lap splice failure. 
They used carbon FRP systems to confine the columns and proposed different 
design thickness of CFRP systems along the height of column according to the 
analytical model.  The analytical design model has been validated with the 
experimental investigation performed on large scale circular (diameter 610mm) 
and rectangular bridge columns (406mm x 610mm and 489mm x 730mm) 
which had different longitudinal steel ratios, and showed a good correlation 
between them.  
From the above discussion, it is evident that the external FRP 
confinement is an efficient seismic retrofitting technique for existing columns. 
But, like confined columns under axial loading, only FRP confined circular and 
near square columns were verified under simulated seismic loading. The 
effectiveness of FRP confinement to enhance the shear and flexural capacities 
as well as displacement ductility has not been evaluated for confined 
rectangular columns with high sectional aspect ratio (more than two). 
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2.4 Summary 
In this chapter, literature review on FRP-confined columns under axial and 
lateral loading has been presented. The effect of amount of transverse FRP 
reinforcement, unconfined compressive strength of concrete, aspect ratio and 
shape of column on the enhancement in axial stress of FRP-confined columns 
has been discussed here. It has been found that the FRP-confinement effect is 
most efficient for circular sections. Since for circular section, a uniform lateral 
confining pressure from transverse FRP systems can be applied and the whole 
concrete section become effectively confined resulting in high confined 
compressive strength. 
For rectangular column section, the concrete core area is partially 
confined and thus, the rate of enhancement in axial stress is lower than the 
confined circular columns. Also, in case of rectangular columns with high 
sectional aspect ratio (more than two), the effective confined core area reduces 
significantly and hence, it is expected that the confined compressive strength 
will not be increased much for such columns. But, this phenomenon has not 
been verified experimentally for aspect ratio more than two. Hence, further 
investigations on the performance of FRP-confined rectangular columns with 
high sectional aspect ratios under axial loading are required.  
Various FRP-confinement models for predicting the confined 
compressive strength (f’cc) have been reviewed in this chapter. It has been found 
that a linear relationship between f’cc/f’co and fl/f’co has been proposed for FRP-
confined column by most of these confinement models. In terms of the 
application of these models, two issues are yet to be addressed. First, each 
model has been developed based on a limited test database, so its wider 
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applicability is not clear. Secondly, these models are mostly based on the 
experimental study on axially loaded circular and square columns since very 
few FRP-confined rectangular columns have been studied. Thus, some 
modification in existing confinement model is needed by incorporating the 
effect of aspect ratios of rectangular columns. 
In recent times, many studies related to seismic retrofitting of old bridge 
piers and building columns using externally bonded FRP reinforcement have 
been reported in the literature. It has been found that lateral load capacity as 
well as ductility of columns could be enhanced by transversely bonded FRP 
reinforcement. In addition, the brittle shear failure of columns due to 
insufficient transverse steel reinforcement could be prevented by externally 
bonded transverse FRP reinforcement. But, these studies are mostly based on 
FRP confined circular, square and rectangular columns with cross-sectional 
aspect ratio of up to 1.5. In many building structures, the columns have a 
rectangular cross-section with an aspect ratio greater than 2 and as large as 7. 
The FRP-confinement effect on such columns under lateral loading has not been 
studied to date.  
It is well-known that the confinement effect of transverse fiber 
reinforced polymer (FRP) is insignificant for rectangular columns. However, if 
the corners of such columns are sufficiently rounded to the extent that the cross-
section becomes capsule-shaped, the effectively confined concrete area would 
be proportionally increased, which leads to better confinement effect and hence 
higher strength enhancement. Rectangular column sections can also be re-
profiled into capsule-shaped sections by adding two semi-circular concrete 
segments, one at each short end of the column. Capsule-shaped columns are 
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also used in bridge piers to facilitate hydraulic flow around the base, and many 
existing piers are in need of strengthening. Moreover, from detailed literature 
review, it is evident that no previous studies had been reported on effect of FRP 
confinement in capsule-shaped columns.  
Hence, the objective of this research work is therefore to investigate the 
effectiveness of FRP-confined capsule-shaped columns to enhance the axial 
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Table 2.1 Confinement models for FRP confined circular column 
Confinement model: * lcocc fkff 1
' ' +=
Name of investigators   Value of k1
Karbhari and Gao (1997) 
 
Samaan et al. (1998) 
 
Miyauchi et al. (1999) 
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Table 2.2 Confinement models for FRP confined rectangular column 
Name of 
investigators Confinement Model Comments 





























22 hbd +=  
Based on: b =150mm 
(corner radius/b)max=1/6 
Aspect ratio=h/b =1 & 1.5 















Based on: corner radius 
=15mm 
Aspect ratio =h/b = 1, 1.73 & 
2.71 
b varies from 79mm to 132mm 





















Based on: h/b =1 & b=150mm 
(corner radius/b)=1/30, 1/6, 
1/3.95 & 1/3 















Based on: corner radius = 
40mm 
Aspect ratio = h/b = 1 & 2.0 
b =250mm(Square) & 150mm 
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Figure 2.1 Stress-strain profiles for CFRP-confined columns (Chaallal et 
al.2003)   
























Figure 2.2 Strengthening ratios (f’cc/f’co) for FRP-confined rectangular columns 
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Figure 2.8 Variation of strengthening ratio (f ’cc / f ’co) with confinement ratio  
(fl / f ’co) for circular columns (Teng et al. 2002) 
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           Figure 2.11 Stress-strain profiles of FRP-confined square columns  
         (Wang and Wu 2008) 
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(a) Column shear failure 
in Northridge earthquake                                                                                                  
(b) Flexural plastic hinge failure 


















                                (c) Lap splice failure at column-foundation 
                                     joint in 1989 Loma Prieta earthquake 
 
 




ANALYSIS AND TESTING UNDER AXIAL LOADING 
 
It is well-known that the axial load carrying capacity of concrete columns can be 
increased by externally bonded FRP reinforcement. Numerous studies have been 
carried out on the use of FRP systems in confining and strengthening concrete 
columns. From the preceding literature review, it is revealed that various 
confinement models for circular, square and rectangular columns were proposed. 
In this chapter, two confinement models for capsule-shaped columns are proposed. 
Following this, the detailed experimental investigation on capsule-shaped concrete 
columns is described, and test results are discussed and compared with the 
predictions of the proposed models.  
3.1 Proposed Confinement Models 
Under axial compression, a column would experience lateral expansion. 
Transverse reinforcement in the form of externally bonded FRP sheets restraints 
the lateral expansion, and confines the concrete section. For confined circular 
columns, the column-section is loaded triaxially. But, for rectangular or capsule-
shaped columns with a high section aspect ratio, the constraining effect in shorter 
direction is insignificant in regions near the middle of the section, that is, away 
from the short sides. 
3.1.1 Model “A” 
In this model, the capsule-shaped section is considered as being made up of three 
segments, comprising two semi-circular segments of a diameter equal to the 
thickness of the column, and a rectangular segment in between (Figure 3.1). The 
semi-circular segments would be subjected to triaxial compression whereas the 
40 
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rectangular segment would be subjected to biaxial compression since there would 
be very little restraining effect in the short transverse direction. 
Referring to the free-body diagram of semi-circular segments in Figure 
3.1(b), equilibrium of forces gives the lateral confining pressure, fl, at failure of the 






2                                                                                               (3.1) 
where, 
feFRPFRP Ef ε=                                                                                                     (3.2) 
where,  
n = number of ply of FRP sheets 
tFRP= thickness of a single ply of FRP sheet 
fFRP = tensile strength of FRP sheet in hoop direction 
EFRP = elastic modulus of FRP systems 
εfe = tensile strain of FRP at failure 
b = width of capsule-shaped column.  
In earlier studies, the tensile strength of FRP plies (fFRP) was simply 
considered as the product of elastic modulus (EFRP) and rupture strain of FRP 
systems obtained from flat coupon tests (εfu). Later, it was found that the tensile 
strain of FRP sheets at failure (εfe) as observed in actual axial load tests on FRP-
confined columns is much lower than the coupon test value (εfu) (Lam and Teng 
2003a, Harries & Carey 2003, Matthys et al. 2005). Thus, in Equation 3.2, εfe is 
used instead of εfu. The effective strain level in FRP at failure (εfe) is given by  
fufe εκε ε=                                                                                                          (3.3)    
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where, 
κε  =   FRP strain efficiency factor                                                                                                           
Unlike pure axial tension in material flat coupon tests, early stage rupture 
of FRP systems in axially loaded column is possibly due to the non-uniform stress 
distributions and difference in curvatures along the perimeter of FRP jackets. 
Based on the test results of CFRP confined circular columns, Lam and Teng 
(2003a) proposed a value of κε as 0.586 and the same value was also recommended 
by Harries & Carey (2005) and Matthys et al. (2005). A higher value of κε equal to 
0.85 has been proposed by IIki et al. (2008) based on their experimental study on 
circular and rectangular columns with section aspect ratio of 1 and 2 using CFRP 
systems.  
The variation of κε with section aspect ratio based on the studies on FRP-
confined square and rectangular columns by Wang & Wu (2008), Chaallal et al. 
(2003), Lam & Teng (2003a), Al-Salloum (2007), IIki et al. (2008), Harajli (2006) 
is shown in Figure 3.2. It was found that the FRP strain efficiency factor decreases 
with the increasing section aspect ratio. For square columns, the average value of 
κε is 0.4 while for rectangular sections with an aspect ratio of 2, the average value 
of κε reduces to 0.2. In the model proposed in the current study, κε therefore has 
been taken as 0.4 for aspect ratio equal to 1 and 0.2 for aspect ratio more than 1. 
Hence, the lateral confining pressure in the capsule-shaped sections can be written 
as  
( fuFRPfl bEntf ε4.02 ⎟⎟⎠
⎞
⎜⎜⎝
⎛= )  for (h/b=1)                                                                 (3.4) 
( fuFRPfl bEntf ε2.02 ⎟⎟⎠
⎞
⎜⎜⎝
⎛= ) for (h/b >1)                                                                (3.5) 
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According to Mander et al. (1988), the confined concrete strength for a 
circular section, which applies to the case of the semi-circular segments in Figure 

















fff                                                  (3.6) 
                                     
where, 
f’co = unconfined compressive strength of concrete column 
On the other hand, for a rectangular section subjected to confining pressures, flx 
and fly (= 0), as shown in Figure 3.1, the confined concrete strength based on the 

























94.7125.2'' 2                        (3.7)                             
 











8.01'' 12                                                                                 (3.8) 
Hence, the ultimate axial load capacity of the capsule-shaped column can be 
evaluated as: 
( 2211 ''85.0 AfAfP ccccu += )                                                                               (3.9)            
where the coefficient 0.85 accounts for loading rate and size effects, and A1 and A2, 
the cross-section areas of the two semi-circular segments and the rectangular 




bA π=                                                                                                            (3.10)                              
and 
( bhbA −=2 )                                                                                                      (3.11) 
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where, 
h = depth 
h/b = section aspect ratio of the column. 
3.1.2 Model “B” 
In this model, the entire FRP-confined capsule-shaped column is considered to be 
subjected to tri-axial compression. Due to the lateral confining pressure, the semi-
circular segments of the column are considered fully confined while the 
rectangular segment is partially confined as shown in Figure 3.3. On the periphery 
of the rectangular segment, the lateral confining pressure results in arching action 
in form of two parabolas which may result in a unconfined area.  
The effective confinement co-efficient (ke) is defined by Equation 2.16 in 
Chapter 2 as the ratio of effectively confined concrete core area (Ac) to the total 
area of concrete column (A). The total area of the capsule-shaped column is given 
by 
4/' 2bbhA π+=                                                                                                   (3.12)                   
where b is the shorter dimension and h’ is the length of straight portion of the 
longer side of the section (Figure 3.3).  
If the capsule-shaped column is considered as a rectangular column of area 
bh with corner radius r, then Equation 3.12 can be written as  
2)4( rbhA π−−=                                                                                              (3.13) 
For capsule-shaped section r = b/2 and Equation 3.13 relates to Equation 3.12 as 
bhh −='                                                                                                             (3.14) 
The effective confined area of rectangular and capsule-shaped section (Ac) 
as shown in Figure 3.3 is given by: 




2 hbrAc −−πbh +−=
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where, 
b’ = b-2r                                                                                                             (3.16) 
and     
h’ = h-2r                                                                                                             (3.17) 
For capsule-shaped section, Ac is the area enclosed by two arches along the straight 
portion of the section in plan with an initial tangent slope of 45°. For rectangular 
section, Ac is the area enclosed by the four arches as shown in Figure 3.3(a). The 
third term in the Equation 3.15 is the total area of unconfined concrete. For 
capsule-shaped section b’ = 0 since b = 2r.  
As the section aspect ratio (α) of the rectangular and capsule-shaped section 
increases the two arches come closer with each other and the aspect ratio (α), at 
which these arches overlap, is termed herein as the critical aspect ratio (αcr). The 
FRP-confined rectangular and capsule-shaped sections with the overlapped region 
are shown in Figure 3.3(b). The height of overlapped portion is denoted by ho 
which is a function of corner radius (r) and section dimensions and is given by 






Hence, overlapping will occur in rectangular and capsule-shaped section when    





                                                                                                                            (3.20) 
 




For capsule-shaped section r = b/2; hence, overlapping will occur in capsule-
shaped section when the aspect ratio will be more than 3. 
 45
Chapter 3 Analysis and testing under axial loading  
 
The area of effective confined concrete core of rectangular and capsule-
shaped section considering overlapping is given by  
 







8''4 ⎞⎛++−− oc hhhbrπ
The effective confinement co-efficient of rectangular and capsule-shaped sections 
are given by 
    
                                                                                                                            (3.22) 






                              
        for                                 (3.23) 
 
For circular section, the diameter d = b = h and r = b/2. Hence, for circular section 
ke = 1 from Equation 3.22. Hence, Equations 3.22 and 3.23 represent a general 
formula to calculate the effective confinement co-efficient for circular, rectangular 
and capsule-shaped section. 
Figure 3.4 shows the variation of the effective confinement coefficient (ke) 
with section aspect ratio (h/b) and corner radius ratio (r/b) according to Equations 
3.22 and 3.23 for values of h/b from 1 to 8 and r/b from 0.05 to 0.5 were 
considered. In the case of a circular column, h/b = 1 and r/b =1, hence, the 
effective confinement co-efficient ke = 1. The dotted line in this figure gives the 
critical section aspect ratio of columns for different r/b ratios. 
It may be noted that for rectangular section with an aspect ratio less than 2, 
the confining parabolas will not cross each other irrespective of the corner radius 
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r/b < 0.5. For capsule-shaped section, the critical aspect ratio is 3 and the 
corresponding effective confinement-coefficient is found as 0.52 which indicates 
only 52% of the total area of concrete section is effectively confined by 
transversely bonded FRP sheets. With an aspect ratio of 5, the value of ke for 
capsule-shaped section is found to be as low as 0.27. With further increase in 
aspect ratio, very small change in ke is observed for both capsule-shaped and 
rectangular sections.  
The above-mentioned effective confinement co-efficient (ke) is now used to 
calculate the lateral confining pressures (fl) of capsule-shaped and rectangular 
sections according to Equations 2.13a and 2.13b as described in Chapter 2 and are 
given by 
feFRPexlx Ekf ερ=                                                                                           (3.24a)               
feFRPeyly Ekf ερ=                              (3.24b)                             
where, 
 flx = lateral confining pressures in horizontal direction 
fly = lateral confining pressures in vertical direction 
However, it is common practice to take the average of the lateral confining 
pressures in the horizontal (flx) and vertical (fly) direction. Hence, the average 
lateral confining pressure (fl*) on the section is given by 
feFRPe
yx





*                                                                              (3.25) 
Introducing the values of ρx and ρy as given by Equations 2.14 and 2.15 in Chapter 
2 and adopting κε  = 0.4 for h/b = 1 and  κε  = 0.2 for h/b >1, Equation 3.25 can be 
rearranged as follows 
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*  for (h/b >1)                                       (3.27) 
The average lateral confining pressures (fl*) have been calculated for 
columns of a test database according to Equations 3.26 and 3.27. The database is 
shown in Table 3.1. Regression analysis have been performed using f’cc/f’co against 
the computed fl*/f’co and the results are shown in Figure 3.5. The database (Wang & 
Wu 2008, Al-Salloum 2007, IIki et al. 2004, Lam & Teng 2003, Shehata et al. 
2002, Harajli 2006, Rochette et al.2000, Kumutha et al. 2007) contained a total of 
100 FRP-confined square and rectangular columns with section aspect ratios equal 
to 1.25, 1.33, 1.5, 1.66, 1.73, 2 and 2.71. Evidently, the relationship between f*l 
/f’co and f’cc /f’co is linear with a correlation factor of R2 = 0.74. The following 
equation is therefore proposed to evaluate the confined concrete strength in CFRP 
confined rectangular and capsule-shaped columns: 
                                                                                                                                       










and, the ultimate axial load capacity (Pu) can be evaluated as: 
AfP ccu '85.0=                                                                                                  (3.29) 
where,  
A = area of column.                                                                                                                        
3.2 Test Program 
The following section describes the axial load compression test program on 
capsule-shaped columns confined with carbon FRP systems. Two series of tests 
have been performed. Series I comprised twelve plain concrete columns with 
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section aspect ratios, 1 (circular), 2, 3 and 4 and bonded transversely with carbon 
FRP sheets of up to three plies. The thickness of all specimens, b, was 100 mm. 
Columns are designated herein as PCmn where PC stands for plain concrete 
columns, m gives the aspect ratio h/b, and n denotes the number of ply of bonded 
transverse carbon FRP sheets. Each column had a height equaled to twice the 
longer section dimension.  
Series II consisted of six reinforced concrete columns with a section aspect 
ratio of 3 and 4 and bonded transversely with carbon FRP sheets of up to three 
plies. The reinforcement details are shown in Figure 3.6. The columns in Series II 
were designated RCmn where RC stands for reinforced concrete column while ‘m’ 
and ‘n’ denote the aspect ratio and the number of ply of bonded transverse carbon 
FRP sheets respectively.  
3.3 Material Properties 
Ordinary Portland cement, natural sand (fine aggregates) and crushed granite of 
10mm maximum size (coarse aggregates) have been used for the concrete mix in 
both test series. Several trial mixes for the concrete were made and a mix 
proportion of 1: 2.96: 2.36: 0.7 by weight of cement, sand, coarse aggregate of a 
maximum size of 10 mm and water, was adopted. For each column, 3 concrete 
cylinders (φ100mm x 200mm height) were cast for the determination of concrete 
strength at day of column test.  
Series I columns have no internal longitudinal and transverse steel 
reinforcement. For Series II, steel reinforcement consisted of 10mm diameter 
(T10) longitudinal deformed bars and 6mm diameter (R6) transverse mild steel 
links. The average yield strength of steel for longitudinal and transverse 
reinforcement was found to be as 528 MPa and 245 MPa respectively.  
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Carbon FRP sheets were used as confinement reinforcement for all test 
columns. The properties as obtained from the supplier’s specifications are shown 
in Table 3.2. A three-part resin with the mix proportion shown in Table 3.3 was 
used to bond the FRP sheets on the columns.  
3.4 Test Preparation  
3.4.1 Preparation of column specimens 
The cross-section dimensions of the specimens are shown in Figure 3.7. For 
circular columns, a PVC pipe with an internal diameter of 100mm was used as the 
mould. For the capsule-shaped columns, PVC pipe sections with an internal 
diameter of 100 mm were cut into halves and fixed with plywood as formwork. 
Timber pieces were used as stiffeners to prevent bulging of the columns during 
casting. The moulds were placed on a plywood plank at the bottom and fixed with 
silicon before casting.  
For columns in series II, the reinforcement cages were fabricated manually 
using high yield strength deformed bars and mild steel bars as main longitudinal 
reinforcement and transverse links respectively. The links were rectangular in 
shape and were welded to the longitudinal bars. Before casting, strain gauges with 
a gauge length of 5mm (Type FLA-5-11) were fixed on the longitudinal bars at the 
mid-height of columns to obtain longitudinal strain and on the horizontal links to 
obtain transverse strain. These reinforcement cages were then placed in the 
respective moulds with spacer blocks to give a concrete cover of 15mm.  
A hand-held vibrator was used during column casting to ensure a well-
compacted concrete mix. One day after casting, the specimens and cubes were 
demoulded and placed under wet gunnysacks outside the laboratory for three days. 
After curing, the columns were kept under ambient laboratory condition. 
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3.4.2 Installation of Carbon FRP Systems 
At about 21 days after casting, the surface of the concrete column was grinded to 
remove dust, grease, disintegrated materials and other bond inhibiting materials. 
Then, resin was applied on the entire column surface using a roller, followed by 
wrapping of the carbon FRP sheets. To ensure proper bonding, a steel roller was 
used to press the FRP sheets down onto the concrete surface. The procedure was 
repeated after the desired number of ply of carbon FRP sheets has been applied. An 
additional ply of transverse FRP sheet was applied near both ends of the column. 
After the installation of FRP systems, columns were kept in the lab undisturbed for 
seven days for hardening.  
3.5 Test Instrumentation, Setup and Test Procedure 
Figure 3.8 shows a typical CFRP wrapped column. Prior to testing, strain gauges 
were fixed at mid-height of the columns. The locations of strain gauges are shown 
in Figure 3.7.  For concrete surface, strain gauges Type PFL-30-11 with a gauge 
length of 30mm were used while on the FRP sheets, Type FLA-30-11 strain 
gauges were used. In circular specimens, two longitudinal and two transverse strain 
gauges were attached, and for capsule-shaped columns, four longitudinal and four 
transverse strain gauges are fixed at mid-height of columns.   
A typical test set up is shown in Figure 3.9. All specimens were axially 
loaded to failure using an Instron hydraulic actuator. The loading rate was set at 
0.2 mm/minute for all specimens. The strain development of the specimens was 
monitored throughout the test. The maximum load attained was recorded as the 
ultimate axial load capacity of the column. The test was continued until the sudden 
drop in applied load.  
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3.6 Test Results and Discussion 
3.6.1 Overall behavior 
3.6.1.1 Series I columns 
The axial load carrying capacity Pu, taken as the observed maximum applied load, 
of the columns in Series I are shown in Table 3.4a. The ratio of axial load carrying 
capacity of confined to unconfined column, defined as the strengthening ratio 
(f’cc/f’co), quantify the increase in axial load capacity due to confinement. The 
strengthening ratios were adjusted as follows if the cylinder compressive strength 



























                                                                           (3.30) 
where, 
Pconf = axial load carrying capacity of confined column 
Punconf = axial load carrying capacity of unconfined column  
 f’c-conf = cylinder strength of confined column 
 f’c-unconf = cylinder strength of unconfined column  
It is evident from Table 3.4a that, the strengthening ratios were increased 
for columns bonded with multiple numbers of CFRP plies. Multiple plies of CFRP 
sheets provide higher lateral confining pressure resulting in strengthening ratio. For 
example, for columns PC21 and PC22, the confined compressive strengths were 
increased by 46% and 68% respectively. For columns with a section aspect ratio of 
3 or 4, the respective maximum values of Pu were 663 kN and 1128 kN for PC32 
and PC42, which are significantly higher than that obtained for unconfined 
columns PC30 and PC40 respectively.  
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Figure 3.10 shows the variation of strengthening ratios (f’cc/f’co) with 
section aspect ratios (h/b) of columns confined with one, two and three plies of 
CFRP sheets. The largest value of f’cc/f’co was occurred in circular column PC13 
while very low values of f’cc/f’co were found in columns PC33 and PC43. The 
strengthening ratios evidently reduced with the increase in section aspect ratio. As 
shown in Figure 3.4, the analytically obtained effective confinement co-efficient 
(ke), which quantify the effective confined area of column, significantly reduces 
with aspect ratio (h/b). For circular column, that is with h/b = 1 and r/b = 0.5, the 
value of ke from Equation 3.22 equals to 1 which means a fully confined concrete 
core. For capsule-shaped columns with aspect ratio 2, 3 and 4, the values of ke are 
found from Figure 3.4 as 0.81, 0.52 and 0.36 respectively. This indicates that for 
columns with aspect ratio 3 and higher, more than 50% of area is not confined by 
the externally bonded FRP reinforcement, resulted in less increase in f’cc/f’co than 
circular columns according to Equations 3.26, 3.27 and 3.28.  
Figure 3.11 shows the variation of strengthening ratios (f’cc/f’co) with FRP 





ρρρ                                                                                 (3.31) 
FRP section area ratios were calculated for columns confined with 1, 2 and 3 plies 
of CFRP sheets. The maximum FRP section area ratio was found for circular 
section and it actually reduces with increasing aspect ratios. The strengthening 
ratios of columns increased with FRP section area ratios up to 2 plies. It is evident 
that the confinement of columns with 3 plies of FRP sheets was not very effective. 
This might be due to the improper bonding between multiple plies of FRP sheets 
and concrete. 
 53
Chapter 3 Analysis and testing under axial loading  
 
3.6.1.2 Series II columns 
Table 3.4b shows the observed axial load capacities (Pu) of reinforced concrete 
columns. The axial load capacity of the unconfined RC columns, that is, RC30 and 
RC40 were calculated as follows 
yscou fAAfP += '85.0                                                                                      (3.32) 
where, 
 A = area of column 
As = area of steel reinforcement in column 
fy = yield strength of longitudinal steel   
The confinement effect of transverse steel reinforcement was not considered in the 
proposed model. Since, very nominal transverse steel links were provided in the 
columns (Figure 3.6). Furthermore, intermediate steel ties were not provided. 
Hence, the concrete columns will not be significantly confined by transverse steel.    
Thus, the observed axial load capacity of the FRP-confined RC columns can be 
calculated as follows 
scu PPP +=                                                                                                        (3.33) 
where, 
yss fAP =                                                                                                           (3.34) 
ysuc fAPP −=                                                                                                    (3.35) 
The cylinder strengths (f’c) of unconfined and confined columns were different, 















                                                                       (3.36) 
Thus, the adjusted axial load capacity of FRP-confined RC column is given by 
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sadjcadju PPP += −−                                                                                              (3.37) 
 The strengthening ratio (f’cc/f’co) were calculated as the adjusted axial load 
capacity of FRP-confined RC column divided by the axial load capacity of 
unconfined column calculated from Equation 3.32. From Table 3.4b, it is found 
that for aspect ratio 3, the axial load carrying capacity were increased by 10% and 
24% by external confinement with 1 ply and 2 plies of FRP sheets. For aspect ratio 
4, the maximum strengthening ratio was found to be 16% for RC42.   
3.6.2 Failure characteristics 
The typical failure characteristics of the columns are shown in Figures 3.12 and 
3.13. For unconfined columns, the cover concrete started to spall off near failure. 
The final failure occurred due to crushing of concrete at the middle zone as shown 
in Figure 3.12a for PC20.  
All FRP-confined specimens failed due to successive debonding of CFRP 
wraps at the wider sides of columns followed by CFRP rupture at mid-height of 
column. Debonding of FRP sheets from concrete surface was checked by tapping 
the column surface with coins. At failure, axial load dropped abruptly after 
attaining the ultimate axial stress level. CFRP rupture occurred mostly at the top of 
column for PC41, PC42 and PC43 as shown in Figure 3.12c. Debonding and 
rupture of CFRP sheets were also found in several other locations of columns with 
section aspect ratio of 4 as shown in Figure 3.12d.  
The failure characteristics of reinforced columns in Series II are shown in 
Figure 3.13. In general, failure occurred at mid-height of column due to debonding 
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3.6.3 Stress-Strain Response 
3.6.3.1 Series I columns 
Figures 3.14 (a) to (d) show the stress-strain profiles of Series I columns with 
sectional aspect ratios 1, 2, 3 and 4, respectively. The axial stresses were calculated 
as the applied axial load divided by the cross-sectional area of columns. The 
longitudinal and transverse strain values are taken as the average of the four strain 
gauge readings, the locations of which are shown in Figure 3.7. In general, the 
stress-strain curves of unconfined columns (PC10, PC20, PC30 and PC40) follow a 
linear trend from the start of axial loading followed by a parabolic shape near 
failure as shown Figure 3.14. The maximum axial stress was attained at an ultimate 
axial strain of about 0.002. 
             Usually, the stress-strain profiles for FRP-confined columns are bilinear in 
shape. The slope of first linear part depicts the elastic modulus of concrete and 
thus, it is same as that of unconfined column. The 1st linear part ended at a slightly 
higher stress than the peak stress observed in unconfined columns, at an axial 
compressive strain of about 0.002 as shown in Figure 3.14. 
             A much shallower slope of the second linear branch was observed for 
FRP-confined columns. It depends, in addition to the geometric properties of 
column, on the number of plies and tensile strength of CFRP in hoop direction as 
previously reported for circular and square columns by Nanni and Bradford (1995), 
Mirmiran and Shahawy 1997, Samman et al. 1998 and Chaallal et al. (2003). The 
slope of the second linear branch, in general, increases with confinement from 
multiple plies which can be observed in case of PC12, PC22 and PC42 except 
columns confined with three plies of FRP sheets. The poor bonding of the multiple 
plies of carbon FRP sheets due the difficulties encountered in manual wrapping 
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might be the reason which impeded the increase in slope resulting in lower 
increase in stress. This resulted in almost similar ultimate stress irrespective of 
thickness of FRP plies as shown in Figure 3.14c for PC31, PC32 and PC33 and in 
Figure 3.14d for PC41 and PC43. The higher stress of PC42 was probably because 
of higher unconfined compressive strength of 25.9MPa than that of PC41 
(20.7MPa) and PC43 (22.2 MPa).  
The maximum axial strains of columns with section aspect ratio 1, 2, 3 and 
4, confined with 1 ply of CFRP sheet, were found to be 0.015, 0.0135, 0.008 and 
0.007 respectively, while the maximum axial strain of unconfined columns were 
around 0.002. This proves that the transverse FRP confinement enhances the 
deformation characteristics of concrete columns as well. Moreover, it is evident 
from Figure 3.14 that the maximum axial strains actually decreased with increasing 
aspect ratios due to less confinement effect.  
The maximum transverse strains were attained in confined columns at 
failure, and were found to be less than the rupture strain (εfu), which is 0.015 for 
the applied CFRP systems. Moreover, the maximum transverse strains actually 
reduced with the section aspect ratio and multiple plies as shown in Figure 3.15. 
For circular columns, the average transverse strain at failure was found as 0.006 
(=0.4εfu) with confinement by 1, 2 and 3 plies of CFRP sheets while this value 
reduced to 0.0037 (~ 0.2εfu) and less for capsule-shaped columns with a section 
aspect ratio higher than 2. Thus, FRP rupture occurred at a much lower tensile 
strain than the actual rupture strain of 0.015. The early stage ruptures of FRP 
systems in confined columns, is probably due to the non-uniform stress 
distributions along the perimeter of FRP jackets. The higher section aspect ratios 
possibly trigger this phenomenon much earlier and thus, for columns with aspect 
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ratio 3 and 4, the failure occurred at much lower transverse strains of 0.0022 and 
0.0007 respectively. 
3.6.3.2 Series II columns 
The stress-strain characteristics of RC columns with section aspect ratios of 3 or 4 
are shown in Figure 3.16. The longitudinal and transverse strain values are taken as 
the average of the four strain gauge readings as shown in Figure 3.7. The stress-
strain profiles are not truly bilinear as the second linear region was very small due 
to the less confinement effect. For columns with a section aspect ratio of 3, the 
slope of the initial linear branch was the same regardless of the number of plies of 
CFRP sheets 
The second linear branch of column RC31 terminated at an axial strain of 
0.0067 with the maximum stress being as 31.4MPa. For column RC32, the 
maximum stress and strain were 36.6MPa and 0.01, respectively, which represent a 
significant enhancement in stress and strain from RC31. As in the case in PC33, 
the confinement effect is negligible for RC33 due to the difficulties in manual 
wrapping of multiples plies and hence, the axial stress and strain was not 
significantly enhanced. Furthermore, for columns with section aspect ratio 4, the 
enhancement in the axial stress and strain was insignificant compared to the 
columns with section aspect ratio 3 due to the reduced confinement effect. The 
maximum axial stress was observed as 32.5MPa for RC42 with maximum axial 
strain of 0.008.  
From the foregoing discussion, it can be concluded that the stress-strain 
characteristics would be bilinear for a well confined capsule-shaped columns, that 
is, for columns with section aspect ratio up to 3. For confined columns with higher 
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aspect ratios, the confinement effect significantly reduced; hence, the stress-strain 
characteristics of columns will not be bilinear. 
3.7   Comparison with predictions of proposed confinement models 
The axial load capacities of tested columns were calculated by the proposed 
confinement models namely models “A” and “B”. The predicted axial load 
carrying capacities of plain and reinforced confined columns have been compared 
with the test results as shown in Table 3.5. The mean and standard deviation values 
of the ratios of Pu / Pu-pred. of plain concrete columns by model “A” are found to be 
1.04 and 0.14 respectively, while by model B, these values are 1.05 and 0.17.  
The mean and standard deviation values of the ratios of Pu / Pu-pred. for 
reinforced concrete columns are found to be 0.88 and 0.06 according to model “A” 
and 0.96 and 0.09 by model “B”. Thus, as per statistical evaluation, model “A” is 
more accurate.  
A graphical comparison between models “A”, “B” and test results are 
presented in Figures 3.17 and 3.18. The axial load capacity of columns were 
plotted against the FRP section area ratios (ρ) according to Equation 3.31. It is 
evident from Figure 3.17, that both models reasonably predicted the axial load 
capacities of plain concrete columns up to confinement with two plies of CFRP 
sheets. Since the concrete cylinder compressive strengths of PC23, PC33 and PC43 
were less than the corresponding columns confined with two plies, a change of 
slope in predictions was observed for three plies. As discussed earlier, due to 
improper bonding between multiple FRP plies and concrete, the enhancement in 
axial load capacities for three plies were not proportional with one and two plies. 
This phenomenon was not considered in the proposed confinement models and 
thus, for confinement with three plies, both models overpredicted the axial load 
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capacity. Also, for reinforced concrete columns, the proposed models 
overestimated the axial load capacities of RC33 and RC43 as shown in Figure 3.18 
while for other RC columns, the predictions matched satisfactorily with observed 
axial load capacities. 
3.8 Summary 
In this chapter, two confinement models, namely model “A” and “B” were 
proposed for axially loaded FRP-confined capsule-shaped columns. In model “A”, 
the semi-circular segments of capsule-shaped columns, were considered as 
triaxially loaded. The rectangular segment, on the other hand, was subjected to 
biaxial compression due to negligible restraining effect in the short transverse 
direction. In model “B”, the entire column section was subjected to triaxial 
compression. A single generic equation to calculate the effective confinement 
coefficient (ke-mod) of circular, rectangular and capsule-shaped columns was 
proposed. A parametric study has been done to calculate ke by varying h/b and r/b 
of columns. 
Axial load tests were performed on plain and reinforced concrete capsule-
shaped columns with aspect ratios 1, 2, 3 and 4 and confined with FRP sheets up to 
three plies. Significant enhancement in axial load capacities and displacements 
were observed for columns confined with one and two plies of CFRP sheets. The 
stress-strain characteristics of confined columns mostly followed bilinear trend 
except columns with a section aspect ratio of 4, for which the enhancement in 
stress was relatively small. The proposed confinement models predicted the test 
results with reasonable accuracy despite some discrepancy in case of columns 
confined with three plies. 
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Table 3.2 Properties of carbon FRP sheets 
 
Design Thickness (per ply) 0.176 mm 
Fibre weight 300 g/m2
Elastic modulus 240 KN/mm2
Tensile strength 3800 N/mm2






Table 3.3 Mix proportion of resin 
 
Components Weight (per m
2 of CFRP 
sheet) 
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PC10 25.0 204 1.00 
PC11 20.9 315 1.85 
PC12 25.2 402 1.95 
PC13 25.8 462 2.19 
PC20 24.2 451 1.00 
PC21 21.7 590 1.46 
PC22 22.1 691 1.68 
PC23 22.2 644 1.56 
PC30 19.1 467 1.00 
PC31 21.7 677 1.28 
PC32 19.8 663 1.37 
PC33 19.2 629 1.34 
PC40 24.3 835 1.00 
PC41 20.7 892 1.25 
PC42 25.9 1128 1.27 
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RC30 23.0 794* 794 1.00 
RC31 23.1 874 871 1.10 
RC32 24.2 1021 984 1.24 
RC33 22.3 895 915 1.15 
RC40 17.0 880* 880 1.00 
RC41 17.5 930 913 1.04 
RC42 22.2 1230 1020 1.16 
RC43 17.4 919 906 1.03 
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Table 3.5a Comparison of predicted and observed axial load capacity for  
Series I columns 
 
Predicted Load (Pu-pred.) Model A Model B 
Specimens 
Model A Model B Pu / Pu-pred. Pu / Pu-pred.
PC10 167 167 1.22 1.22 
PC11 295 292 1.07 1.08 
PC12 430 473 0.94 0.85 
PC13 506 629 0.91 0.73 
PC20 367 367 1.23 1.23 
PC21 458 454 1.29 1.30 
PC22 545 584 1.27 1.18 
PC23 597 710 1.08 0.91 
PC30 452 452 1.03 1.03 
PC31 678 625 1.00 1.08 
PC32 716 689 0.93 0.96 
PC33 737 786 0.85 0.80 
PC40 886 886 0.94 0.94 
PC41 862 721 1.03 1.24 
PC42 1173 946 0.96 1.19 
PC43 1082 884 0.84 1.03 
  Mean = 1.04 1.05 
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Table 3.5b Comparison of predicted and observed axial load capacity for  
Series II columns 
 
Predicted Load (Pu-pred.) Model A Model B 
Specimens 
Model A Model B Pu / Pu-pred. Pu / Pu-pred.
RC31 963 908 0.91 0.96 
RC32 1095 1043 0.93 0.98 
RC33 1093 1109 0.82 0.81 
RC41 1085 952 0.86 0.98 
RC42 1362 1159 0.90 1.06 
RC43 1189 1061 0.77 0.87 
  Mean 0.88 0.96 



















































































Figure 3.2 FRP strain efficiency fact
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Line with markers denotes the critical aspect 


























Figure 3.4 Effective confinement coefficient ke vs. aspect ratio (h/b) 
 















































Modified confinement ratio (f*l / f’co)
 
Figure 3.5 Strengthening ratio (f’cc/f’co) vs. modified confinement ratio (f*l/f’co) 
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For aspect ratio 4: b =100mm; h = 400 
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Figure 3.9 Typical axial load test set-up  
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(d) Capsule-shaped columns (aspect ratio 4) 
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       (a) Capsule-shaped columns (aspect ratio 3) 
  
           (b) Capsule-shap ns (aspect ratio 4) 
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                 (d) Aspect ratio (h/b = 4) 
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Existing concrete columns and piers are often deficient in shear strength and 
displacement ductility due to inadequate steel reinforcements. This inadequacy 
in reinforcements may lead to the brittle shear failure due to severe earthquakes. 
It has been found that the transversely bonded external FRP reinforcement 
provides additional lateral confinement to the columns and thereby, the ductility 
and shear capacity of the existing columns could be enhanced (Seible et al. 
1997, Ye et al. 2003).  
In this chapter, theoretical and numerical models are proposed to 
evaluate the enhancement in the shear capacity and ductility due to the external 
FRP confinement in capsule-shaped columns with large aspect ratio. To verify 
the effectiveness of the proposed models, an experimental study has been 
carried out on laterally loaded capsule-shaped columns with focus on the effect 
of section geometry and the number of ply of transverse FRP sheets.  
The columns tested herein were half scale model of shear deficient 
columns of a building. However, the proposed models and the experimental 
outcome of this study could be used for bridge pier with inadequate shear 
reinforcements. The height of model column was considered from maximum 
moment to the point of contraflexure i.e. for single bending.  
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In total, nine specimens were tested as cantilever column subjected to a 
constant axial load and monotonically increasing lateral load. The columns were 
designated as “L-x-y” where ‘L’ stands for laterally loaded specimens; ‘x’ 
denotes the shape parameter, ∆h/b, where ∆h is the ratio of thickness of the cap 
at the two short sides and b is the width of column as shown in Figure 4.1; and 
‘y’ represents the number of ply of transverse FRP sheets in plastic hinge 
region. Three shape parameters have been considered in this study: (a) ∆h/b = 0 
(rectangular section), (b) ∆h/b = 0.5 and (c) ∆h/b = 0.19. The section aspect 
ratio of the rectangular section was 4.0. The width of all columns has been kept 
constant. One capsule-shaped column with shape parameter 0.19 has been tested 
under cyclic loading to examine the effectiveness of FRP confinement to 
prevent the strength and stiffness degradation. 
The theoretical and numerical models are first presented herein followed 
by a detailed experimental investigation.  
4.2 Theoretical considerations 
Theoretical predictions of the lateral load-displacement response of FRP-
confined capsule-shaped columns are as follows.  
4.2.1 Ultimate lateral load capacity 
The ultimate lateral load capacity is determined as the smaller of the lateral load 
that would result in shear or flexural failure of the column.  
4.2.1.1 Shear capacity 
The contribution of concrete, axial load and transverse steel reinforcement to 
the shear capacity of circular and rectangular column is given below according 
to ACI 318 (2008): 
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Vc = concrete and axial load contribution to the total shear capacity  
Vs = shear contribution from transverse steel stirrups 
Nu = applied axial load 
 Ag = gross cross-sectional area of column 
 bw = width
d = effective depth of column  
 f’co = unconfined compressive strength of concrete column obtained from 
compression tests on standard cylinders 
Av = cross-sectional area of steel links 
 fyv = yield stress of steel links 
s = spacing of steel links 
The shear capacity of columns could be enhanced by providing 
externally bonded FRP reinforcement which acts in the same way as the 
conventional transverse steel reinforcement. Unlike steel reinforcement, FRP 
materials typically do not exhibit a yield stress. Hence, instead of yield stress, 
the ultimate FRP tensile stress can be used to calculate the shear contribution 
from FRP confinement. But, the use of ultimate FRP tensile stress (fFRP) would 
imply large dilation strains and subsequent degradation of aggregate interlock 
action which is essential to the concrete shear resisting mechanism in case of 
unexpected overload during earthquake. Thus, the maximum permissible 
dilation strain has been proposed as 0.004 by Seible et al. (1997) and 
consequently, the ultimate tensile stress of FRP material has been taken as equal 
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to 0.004EFRP. Thus, the total theoretical shear capacity of FRP-confined 
columns is given by 
                                                                       ( )FRPFRPscFRPscshear EDtVVVVVV 004.02++=++= (4.2) 
 
where, 
tFRP = total thickness of FRP sheets 
EFRP = elastic modulus of FRP sheets
D = column dimension in the loading direction 
For capsule- shaped columns, the term bwd in Equation 4.1 has been taken as the 
area up to the outermost tensile flexural reinforcement bar.  
4.2.1.2 Flexural capacity 
The externally bonded transverse FRP sheets confine the plastic hinge region of 
columns by restraining the lateral expansion of the concrete, thereby retaining 
the integrity of the core concrete and facilitating higher compressive stresses 
and strains to be sustained by the compression zone of column section before 
the rupture of CFRP sheets.  By equating the strain energy capacity of the 
transversely wrapped CFRP systems as it is strained to peak stress to the 
increase in energy absorbed by concrete resulting from confinement, the 
ultimate confined compressive strain for circular columns was determined by 
Priestley et al. (1996) as:  
                                                                                                                    
 
where,  
εfe = tensile strain of FRP at failure  





ερ (4.3) ε +=
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 fuj = tensile strength of FRP systems  
 f’cc = confined compressive strength of concrete 
For rectangular columns, FRP material effectiveness factor of 0.5 was proposed 
based on test results of FRP-confined rectangular columns with a cross-section 
aspect ratio of 1.5 (Priestley et al. 1996) and hence, Equation 4.3 would be 
modified to 
                                                                                                                                                                   
                                                                                                                         (4.4) 
The volumetric ratio of confining FRP systems (ρFRP) for circular sections may 
be expressed as: 
 
 




b = diameter of circular column or smaller cross-section dimension of 
rectangular and capsule-shaped column 
h = larger cross-section dimension of rectangular and capsule-shaped column 
In the present study, εfe in Equation 4.4 has been taken as 0.2 times the 
rupture strain of the FRP system (εfu) as discussed in Chapter 3. Hence, εfe is 
taken as 0.003 as the rupture strain of CFRP systems is 0.015.                                                                
The stress-strain model for FRP- confined concrete (ACI 440 2008), as 
shown in Figure 2.10 in Chapter 2, has been used to calculate the maximum 















+= 2ρ (4.6) 
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                                                             (for 0 ≤ εc ≤ ε’t)                                   (4.7) ( ) 2cc EEf εε −−=
                                      







2 cco Eff ε' +=c
                                                                                                                                                                  
                                                                                                                                                                  
                                                                                                                              
                                                                                                                                                                  
where, 
fc = axial stress of concrete column 
εc = axial strain of concrete column 
Ec = elastic modulus of concrete 
 f’co = unconfined compressive strength of concrete 
The confined concrete strength f’cc could be obtained from the proposed 
confinement models as described in Chapter 3. 
The flexural capacities of columns were calculated by the method of 
strain compatibility as shown in Figure 4.2. The procedure for the sectional 
analysis is as follows: 
Step 1: A neutral axis (NA) depth c is assumed. The compression area of 
stress block is divided into n parts. The depth of each part is ∆c = c/n and the 
distance from the ith part to the neutral axis is ci = (i-0.5) ∆c. The concrete 
strain at the middle of ith part is given by 
                                                                                                                   


















c ci εεε 5.0−==
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The concrete strain at outermost fiber is denoted by εc. For yield condition, εc 
was calculated from the steel yield strain of 0.0028 for an assumed neutral axis 
depth of cy.  For ultimate condition, the confined compressive concrete strain εc 
has been calculated by Equation 4.4. The corresponding stress fc has been 
calculated according to Equations 4.7 to 4.10. 
Step 2: The force from concrete has been calculated as Fc = ∑ fci∆c. The 
force from steel is Fs = ∑ fsj. The forces from steel bars in compression part are 
taken as positive while forces from steel bars in tensile part are taken as 
negative. 
Step 3: The applied axial force (N) is a known value and contains Fc and 
Fs. Thus, this step has been repeated until N = Fc-Fs.  
Step 4: Moment about the plastic centroid (PC) of the section which is 
located at geometrical centroid for a symmetrical reinforced section, has been 
calculated as follows: 
M = Mc + Ms = ∑ fci∆c (c-ci -PC)+ ∑ fsjdj                                                  (4.12) 
where, 
 dj = distance of flexural reinforcement from plastic centroid. 
The yield and ultimate moment at the critical section of the column, that 
is, the base of the column could be calculated according to the above equations. 
The lateral load capacity of the column could be found by dividing the 
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4.2.2 Inelastic displacement 
The inelastic displacement of a laterally loaded column is shown in Figure 4.3. 
Priestley et al. (1996) proposed bilinear approximation of moment-curvature 
relationship (Figure 4.4) for column section in which the first branch represents 
the behavior of the RC column section up to first yielding of flexural 
reinforcement (My, ψy)  and the second branch depicts the behavior of the 
section up to ultimate flexural capacity (Mu, ψu). The definition of yield (ψy) 




εψ =                                                                                                        (4.13) 
where, 
 εy = yield strain of the outermost flexural reinforcement bar  




εψ =                                                                                                        (4.14) 
where, 
 εcu = ultimate extreme fiber compressive strain (calculated according to 
Equation 4.4) 
 cu = neutral axis depth at ultimate compressive strain. 
For a cantilever column of height L under lateral load, the triangular 
moment diagram is shown in Figure 4.3. Up to the yielding of flexural 
reinforcement, the curvature varies linearly along the height of column with 
maximum curvature at bottom of the column section and zero curvature at the 
top. But after the yielding, the curvature increases extensively for a certain 
height of column near the column base as shown in Figure 4.3. The post-yield 
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curvature at the remaining height of column remains the same as the yield 
curvature. The bottom region of column where the curvature is much higher 
than the upper part of column is defined as the plastic region which is also the 
most severe damaged region.   
Park and Paulay (1975) divided the curvature diagram into a triangular 
and a quadrilateral part where the depth of the quadrilateral represents the 
plastic hinge length. The idealized curvature diagram at yield and ultimate 
condition along the height of column is shown in Figure 4.3.  The difference 
between the ultimate and yield curvatures is defined as the plastic curvature. It 
was assumed that the plastic curvature is constant over the plastic hinge length.  
The lateral deflection of the top of column could be calculated by using the 
second moment area theorem. Thus, by taking the moment of the triangular part 
of curvature diagram about the tip of column, the yield displacement can be 





                                                                                                            
(4.15) 
where, 
 L = height of the cantilever column. 
The ultimate displacement at top of column could be calculated by taking the 
moment of triangular and quadrilateral part of curvature diagram about the tip 
of column as follows 
( ) ( ppyuyu LLLL 5.03
2
−−+=∆ ψψψ )                                                         (4.16) 
where, 
 Lp = plastic hinge length of column 
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Various expressions for the plastic hinge length (Lp) are available in 
literature. Park et al. (1982) tested four full-scale square columns of 550 x 550 
mm2 with L/h of 2 where L is the height of column and h is the overall depth. 
They found from the tests an average value of plastic hinge length to be 0.42h. 
On the other hand, Priestley and Park (1987) proposed the following equation to 
calculate Lp as 
 L bp dL 608.0 += (4.17) 
 where, 
 db = diameter of flexural reinforcement 
In the above equation, the first term is mainly related to the column 
bending and the second term accounts for the bar slip due to elongation of 
longitudinal bars. Paulay and Priestley (1992) modified Equation 4.17 to 
account for the different grade of flexural reinforcement and is given by 
                                            
(4.18) 
bybyp dfdfLL 044.0022.008.0 ≥+=
 
where, 
 fy = yield stress of longitudinal steel reinforcements.  
Sheikh and Khoury (1993), Sheikh et al. (1994) and Bayrak and Sheikh 
(1998) reported that the measured plastic hinge length Lp were approximately 
equal to 1.0h for columns with high axial loads. Bae and Bayrak (2008) 
developed the following expression of the plastic hinge length based on square 
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P = applied axial load  
Po = nominal axial load capacity of column as per ACI 318-08 
As = area of flexural steel reinforcement 
Ag = gross area of column 
In this study, Equation 4.18 has been used to calculate plastic hinge 
length of rectangular and capsule-shaped columns. Since all the other 
expressions of plastic hinge length described here were mostly based on square 
columns. 
To calculate the actual lateral displacement of column at top, the 
displacement due to bar slip and shear deformation need to be added to the 
flexural displacement as given in Equation 4.16 (Bae and Bayrak 2008). The 
shear deformation component and bar-slip component of displacement are given 
by (Elwood and Eberhard 2009):  
                                                                                                                       (4.20) 









 where,  
M = flexural moment at failure 
Ae = effective shear area of the column cross section (5/6 of the gross-section 
area of a rectangular column)  
Geff = G / 2 = (Ec / 2.4)/2.                                                                                                                    
db = diameter of flexural steel reinforcement 
 fs = fy = yield stress of flexural reinforcement 
 u = bond stress = 0.8√f’c MPa 
 a = shear span 
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ψ  = curvature of the column section at base  
The total lateral displacement of the cantilever column, consisting 
flexure, shear and bar-slip component of displacement, could be calculated from 
Equations 4.16, 4.20 and 4.21. 
4.3 Numerical modeling in SEISMOSTRUCT 
4.3.1 Overview of SEISMOSTRUCT 
 A finite element analysis has been done in SEISMOSTRUCT (ver. 2011) to 
simulate the load-displacement response of the FRP-confined columns. The 
program SEISMOSTRUCT is a finite element program capable of predicting 
the large displacement behavior of space frames under static or dynamic 
loading, taking into account both geometric nonlinearities and material 
inelasticity. The main features of SEISMOSTRUCT are: 
a) It is a completely visual interface. No input or configuration files, 
programming scripts are required. It has full integration with the 
Windows environment.  
b) The program has seven different types of analysis: dynamic and static 
time-history, conventional and adaptive pushover, incremental dynamic 
analysis, Eigen value, and non-variable static loading.  
c) The applied loading may consist of constant or variable forces, 
displacements and accelerations at the nodes. The variable loads can 
vary proportionally or independently in the pseudo-time or time domain.  
d) The program accounts for both material inelasticity and geometric 
nonlinearity.  
e) There are twelve material types available in SEISMOSTRUCT like 
bilinear steel model, tri-linear concrete model, non-linear FRP confined 
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concrete model etc. The non-linear FRP confined concrete model was 
developed by Ferracuti (2005, 2009). 
For material inelasticity, in SEISMOSTRUCT, fibre approach is used to 
represent the cross-section behaviour, where each fibre is associated with a 
uniaxial stress-strain relationship; the sectional stress-strain state of beam-
column elements is then obtained through the integration of the nonlinear 
uniaxial stress-strain response of the individual fibres (typically 300-400) in 
which the section has been subdivided as shown in Figure 4.5. This fibre 
approach models feature additional assets which include: (a) no requirement for 
a prior moment-curvature analysis of members; (b) no need to introduce any 
element hysteretic response (as it is implicitly defined by the material 
constitutive models); (c) direct modelling of axial load-bending moment 
interaction; and (d) straightforward representation of biaxial loading, and 
interaction between flexural strength in orthogonal directions. 
The input to the program can be conducted in the form of onscreen 
prompts. The main input parameters are material name and type, section type, 
element class, nodes, elements, nodal constraints and loading type. The 
performance criteria checks can be provided by defining the strain values at the 
first cracking of elements, yielding of flexural reinforcement and fracture of 
steel or FRP rupture. The output contains nodal response parameters 
(displacement and support force), element forces (axial/shear force and 
bending/torsion moments) and stress-strain peaks and element curvatures.  
4.3.2 FEA modeling 
The finite element analysis was performed for a FRP-confined capsule-shaped 
column under pushover loading. The column has been modeled as a cantilever, 
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fixed at bottom with a rigid foundation and free at top, thus, simulating single 
bending of a column. In numerical prediction, a 2D one-storey frame with a 
single bay was developed where the column represented the half-scale model of 
the prototype column as shown in Figure 4.6 (a). The beam section has been 
chosen as a very rigid one to provide full fixity at the beam-column connection. 
The bending moment diagram of column is shown in Figure 4.6 (b) where the 
point of contra-flexure is at mid-height of the column. Hence, the lower part of 
the column represents a cantilever column as shown in Figure 4.6 (c). 
The non-linear FRP confinement material model (“con_frp”) has been 
used to model the CFRP-confined concrete column. This material model was 
developed and programmed by Ferracuti and Savoia (2005) that follows the 
constitutive relationship and cyclic rules proposed by Mander et al. (1988), for 
compression, and those of Yankelevsky and Reinhardt (1989), for tension. The 
effects of the confinement introduced by the FRP wrapping are modelled by 
Spoelstra and Monti (1999). Seven model calibrating parameters need to be 
defined in order to describe the mechanical characteristics of the CFRP system. 
These parameters are defined as:  
(i) Unconfined compressive strength: this is the cylinder (diameter 100 x 
200 mm height) compressive stress capacity of the material (f’co)     
(ii) Concrete strain at unconfined peak compressive stress: this is the strain 
corresponding to the point of unconfined peak compressive stress (f’co) and 
has been taken as 0.0028. 
(iii) FRP jacket elastic modulus: this is the initial elastic stiffness of the 
confining material (EFRP). 
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(iv) FRP jacket ultimate strain: this is the strain corresponding to the point 
of rupture of the confining fibres which can be taken as εcu according to 
Equation 4.4. 
(v) FRP jacket ratio: this is the ratio between FRP and concrete areas, at any 
given cross-section. 
(vi) Ultimate tensile strain of concrete taken as zero. 
(vii) Specific weight of concrete (24kN/m3) 
For unconfined concrete, non-linear constant confinement concrete 
model (“con_cc”) was used. This is a uniaxial nonlinear constant confinement 
model which follows the constitutive relationship proposed by Mander et al. 
(1988).  
 To model the columns and beam, the inelastic frame elements 
“infrmDB” and reinforced concrete rectangular sections “rcrs” were chosen. 
Each column was divided into twelve equal elements. The beam was divided 
into two elements. The columns were considered as fixed at the base. The two 
ends of beam were considered as restrained against vertical displacement. The 
out-of-plane bending of the beam was restrained.  
Vertical load on the top of the column from upper stories in building 
structures has been applied in the numerical model as the “permanent gravity 
load”. The applied permanent load on the column has been considered as 
0.3f’coA.  
Lateral load has been applied in left column (node 2) of the frame as 
shown in Figure 4.6(a). The applied loading consists of permanent gravity loads 
(PA) in the vertical (Z) direction and the incremental lateral loads (PL) in 
horizontal (X) direction. In SEISMOSTRUCT, static pushover analysis has been 
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carried out to simulate the monotonous lateral loading applied on the columns in 
the experiments. The incremental loading consists of both forces and 
displacements, thus, enabling both force- and displacement-based pushover 
analyses to be carried out. In this study, the response control phase, i.e. 
displacement based pushover analysis was selected.  
The performance criteria check has been implemented by providing 
different strains like the yielding strain of the flexural steel reinforcement 
(0.0028) and the ultimate confined concrete strain calculated from Equation 4.4. 
During the analysis, the program notifies the loading point at which the 
different performance criteria points are attained. The lateral load-displacement 
response of the mid-node at a height of 940 mm from the base represents the 
response of the tested cantilever columns under pushover loading. The 
numerical predictions of the lateral load-displacement response of the tested 
columns are given in the later subsequent section. 
4.3.3 Limitation of SEISMOSTRUCT 
There is primarily one limitation encountered during the modeling of the 
cantilever capsule-shaped columns in SEISMOSTRUCT.  The “section” 
available in the program could not be modified and there are no provisions to 
add new section such as the capsule-shaped section. Hence, the capsule-shaped 
columns were modeled as equivalent rectangular columns having the same 
moment of inertia. 
4.4 Test program 
To verify the theoretical and numerical predictions of the lateral load-
displacement response of FRP-confined capsule-shaped columns, nine FRP-
confined columns have been tested under pushover loading.  These nine 
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specimens have been divided in three groups. The 1st group (Group A) consists 
of three rectangular columns of overall cross-section dimensions 105mm x 
420mm; the 2nd (Group B) and 3rd group (Group C) consists of capsule-shaped 
columns of overall dimensions 105mm x 525mm and 105mm x 460mm 
respectively. The details of columns have been shown in Figure 4.7.  
Among each group, one column was tested as a unconfined column and 
the other two were tested as FRP-confined columns. To prevent shear failure, 
two columns in each group have been wrapped with one ply of FRP sheets over 
the full height. To increase the ductility of column, one additional ply of FRP 
sheets has been applied over the plastic hinge region of one of the FRP-confined 
column.  
Also, one additional column with the same sectional and reinforcement 
details as L-0.19-2 was tested under cyclic loading. This column has been 
denoted by “LC-0.19-2”.  
The lateral load capacity and displacement of all columns under 
pushover load were calculated according section 4.2 and are listed in Table 4.1. 
According to the theoretical prediction, columns L-0-0, L-0.5-0 and L-0.19-0 
were weak in shear. The shear capacities of FRP-confined columns were much 
higher than their flexural capacities and hence, flexural failure mode was 
expected for them. The ultimate displacements of FRP-confined columns were 
also found to be significantly higher than the corresponding unconfined 
columns. 
The columns were fabricated in a laboratory and tested under constant 
axial load and lateral loading. All specimens were fixed at the bottom on a 
foundation of size 350x1000x300mm and the top of specimen was simulated as 
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a free end. The height of all specimens was 940 mm which represents a 3.76m 
high building column. The shear span (940mm) to depth ratio of Group A, 
Group B and Group C columns were 2.2, 1.8 and 2.0 respectively. The 
foundation beam was cast on a steel plate to facilitate easy anchorage of 
foundation with the strong I-beam.  
4.5 Material properties 
4.5.1 Internal steel reinforcement 
Details of the internal reinforcing bars are shown in Figure 4.8. Three types of 
steel reinforcements were used in the cages: (1) 13 mm high-yield deformed 
steel bars for flexural reinforcements of columns and foundations; (2) 10 mm 
high-yield deformed steel bars for the links in foundation and (3) 6mm mild 
steel bars for the links in the column. The typical stress-strain relation of steel 
rebars (13mm bar) is shown in Figure 4.9. Table 4.2 represents the stress-strain 
relationships of 6mm (mild steel), 10mm and 13mm bars in tabular format. The 
yield and ultimate conditions of steel bars have been denoted by fy and fu 
respectively; εy and εu stand for the strain levels at the yield and the ultimate 
condition respectively. 
The tested columns were half-scale model of a prototype building. 
Hence, the longitudinal and transverse steel were scaled accordingly. The 
longitudinal reinforcement consisted of eight 13-mm diameter deformed bars in 
Group A and C columns, and ten 13-mm diameter deformed bars in Group B 
columns. The flexural reinforcement ratios were thus maintained between 2.2 to 
2.5%. The transverse steel reinforcement consisted of rectangular or capsule-
shaped closed links and ties as shown in Figure 4.8.  They were made of 6-mm 
diameter mild steel bars and spaced at 100 mm spacing along the height of 
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column. The longitudinal reinforcement in the foundation consisted of four 13 
mm diameter deformed bars each at top and bottom face with nine rectangular 
links made of 10mm deformed bars. Before casting, strain gauges with a gauge 
length of 5mm (Type FLA-5-11) were fixed on the longitudinal bars and the 
horizontal links to record the longitudinal and transverse strains. 
4.5.2 Concrete 
Ordinary Portland cement, natural sand (fine aggregate) and crushed granite of 
10mm maximum size (coarse aggregate) were used for the concrete mix. The 
mix proportion of 1:3.08: 3.14: 0.79 by weight of cement, sand, coarse 
aggregate and water was adopted. For each specimen, 3 concrete cylinders 
(100mm diameter x 200mm height) were cast to determine the concrete strength 
at the day of column test. 
4.5.3 FRP system 
Carbon FRP (CFRP) sheets were used as confinement reinforcement. The 
properties as provided by the manufacturer are shown in Table 3.3 in Chapter 3.  
A three-part resin with the mix proportion as shown in Table 3.4 was used to 
bond the FRP sheets on to the specimens. 
4.6 Fabrication of specimens 
Four plywood planks of required size was cut and fixed to form the mould for 
rectangular columns. Intermediate timber pieces were used as stiffeners in the 
moulds to prevent bulging of the specimens during casting. For the capsule-
shaped specimens in group B, PVC pipe section of 105mm diameter was cut 
into halves and fixed with the plywood planks to form the mould. For group C 
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specimens, a circular segment of thickness 20 mm and width 105 mm was cut 
from hollow PVC pipe and fixed with the plywood planks. 
The reinforcement cage for the column and the column base, which 
measured 350 mm by 1000 mm on plan and 300 mm in thickness, was 
assembled and placed in the formwork. The column specimens with foundation 
were cast vertically at the testing location on a strong beam. Holes were 
provided through the thickness of the foundation to facilitate the anchoring of 
specimen to the strong beam using long anchor bolts. First, the foundation was 
cast with the bolts. Three hours after the casting of foundation, the bolts were 
removed from the foundation. The column was cast one day later. The 
formwork was removed one day after casting, and the specimens were then 
cured by covering with damp gunny sacks for a week.  They were then left in 
the laboratory under ambient conditions. Accompanying cylinders were cast and 
cured in the same manner. 
About three weeks after casting, all specimens except L-0-0, L-0.19-0 
and L-0.5-0 were bonded with the carbon FRP systems.  The concrete surface of 
the specimens was grinded first to remove the dust, grease, disintegrated 
materials and other bond inhibiting materials before installation of the FRP 
system. The corners of Group A and Group C specimens had to be rounded off 
by a radius of 5mm to avoid damage to the CFRP sheets due to the stress 
concentration at corners. After this, resin was applied on the entire surface using 
a roller, followed by bonding of the carbon FRP sheets using resin. Steel roller 
was used to press the FRP sheets on the surface to ensure proper fixing. The 
hardening time for FRP wraps and resin was seven days as specified by the 
manufacturer.  
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4.7 Test setup, instrumentation and procedure 
All specimens were tested in an upright position. The front, side and plan views 
of test set-up are shown in Figures 4.10, 4.11 and 4.12. The foundation was 
mounted on a strong beam which was anchored to the deep floor slab and strong 
wall through high strength bolts. The foundation block was fixed with the 
strong beam by 12 bolts to simulate a fixed base condition. To apply the axial 
load on columns, prestressing strands were used. Two cross-beams marked as 
‘Beam B’ in Figure 4.10 were placed on top of the column specimen, which was 
then loaded axially using prestressing strands placed through and anchored on 
the cross-beams at the top and two beams at the bottom (‘Beam C’), to simulate 
the axial force from the upper stories.  A total of eight seven-wire strands were 
used.  Each strand had a diameter of 12.9 mm, nominal cross-sectional area of 
100 mm2, breaking load of 130 kN and Young’s modulus of 195 GPa.  For all 
columns, the axial load ratio (P/ f’cAg) was 0.3. Another I-beam marked as 
‘Beam A’ was bolted to the cross-beams, and a 65-ton capacity actuator fixed 
on a strong wall was used to apply the lateral load on the beam assembly on top 
of the specimen.   
In order to maintain an axial load ratio of 0.3 on the specimens, each of 
the eight tendons has been jacked up to a strain of 0.208% for the rectangular 
columns. For the capsule-shaped specimens of Group B and Group C, the target 
tendon strains were 0.211% and 0.225% respectively. A sequential post 
tensioning method on the eight tendons using one jack was implemented on the 
specimens to avoid overloading on one side. Figure 4.13 represents a typical test 
set-up of a FRP-confined column. 
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4.7.1 Instrumentation 
4.7.1.1 Strain Gauges 
Figure 4.8 shows a typical detail of the locations of strain gauges on steel 
reinforcements in all specimens. The strain gauge type used was TML’s FLA-5-
11 with a gauge length of 5 mm for both longitudinal and transverse strains. The 
concrete strain gauges (TML’s PFL-30-11) and the FRP strain gauges (TML’s 
FLA-30-11) with a gauge length 30mm were fixed on concrete and CFRP 
surface in the unconfined and confined specimens at the same height as the 
strain gauges on the flexural reinforcement (Figure 4.8). To record the 
longitudinal strain of the post-tensioned tendons during jacking, two strain 
gauges were fixed on each tendon. The strain gauge type was TML’s FLK-2-11 
with gauge length of 2 mm. 
4.7.1.2 Displacement transducers 
Figure 4.14 shows the typical locations of the displacement transducers. The 
displacement transducers of 50 mm and 100 mm range were used to record the 
lateral displacement. To provide a smooth surface for the tip of displacement 
transducer to rest, aluminum plate and angles were used. They were attached to 
the concrete or FRP surface using “Araldite” rapid epoxy adhesive. The 
displacement transducers used to measure the lateral displacement of the 
specimens are listed below: 
a. DT1R and DT1L (100 mm range) were used to measure the top displacement 
at compression and tension side respectively. 
b. DT2R (50 mm range) was used to measure the middle displacement at 
compression side (470 mm from top of foundation). 
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c. DT3R (50 mm range) was used to check any displacement of foundation at 
compression side. 
4.7.2 Test procedure 
The cantilever column specimens in Group A, B and C were subjected to static 
pushover load in horizontal direction and a constant axial load in vertical 
direction. One day before testing, post tensioning was performed to apply the 
axial load and the axial strains of the tendons were recorded. The strains in the 
strands were monitored to ensure no significant drop in preloading. The 
movement of the actuator for lateral loading was by displacement control. The 
initial rate of lateral loading for all specimens was 0.15 mm/min. After first 
yielding of the internal flexural reinforcement, the loading rate was increased to 
0.3mm/min and kept constant up to the failure of column. A higher loading rate 
would damage the specimens and a lower loading rate would not induce 
adequate pressure in the pump to push the actuator. The proposed loading rate 
was selected based on some trial runs. The specimens were checked for the 
cracking and FRP debonding throughout the test.  
Column LC-0.19-2 was subjected to cyclic loading in horizontal 
direction along with a constant vertical load. The displacement loading history 
was based on a quasi-static procedure for cyclic loading history proposed by 
Park (1988). The loading history curve is shown in Figure 4.15. Two cycles of 
the same amplitude after 8 mm displacement was applied. The proposed loading 
rate was selected based on trial runs. The initial rate of loading was 0.008 
mm/sec; and then, the loading rate was changed to 0.02 mm/sec in the 3rd cycle 
and to 0.05 mm/sec in the 7th cycle. The actuator was stopped immediately after 
the failure of specimen. 
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4.8 Test results and discussions 
4.8.1 Behavior and mode of failure 
4.8.1.1 Pushover tests 
The lateral loads at first yield of longitudinal steel reinforcement and at ultimate 
condition are listed in Table 4.3. The corresponding yield and ultimate lateral 
displacements are also given in the same table. Displacement ductility (µ∆) was 
calculated as the ultimate displacement divided by the yield displacement. Drift 
ratio is defined as the ratio of ultimate displacement to the height of column. As 
per the theoretical predictions, external confinement of column using one ply of 
FRP sheet actually prevented the shear failure and an additional ply in the 
plastic hinge region provided satisfactory confinement to enhance the ultimate 
displacement of columns. 
The failure patterns of unconfined columns are shown in Figure 4.16. 
For unconfined specimens L-0-0, L-0.19-0 and L-0.5-0, minute fine concrete 
tensile cracks were observed near the column-foundation joint at the early stage 
of loading. These cracks appeared when the lateral load was around 40-50 kN. 
The first horizontal flexural cracks were observed on the tension side of the 
column at a height of 150 mm from the base at 60 kN, 70 kN and 80 kN for L-
0-0, L-0.19-0 and L-0.5-0 respectively; and successive flexural cracks were 
formed at intervals of about 150 mm up to a height of 600 mm.  
In unconfined columns, shear cracks started to propagate in an inclined 
direction at a lateral loading of 70-80 kN. The number of inclined shear cracks 
and the width of cracks gradually increased with the increase in lateral load. 
These inclined cracks propagated in a converging manner towards the 
compression face at the column-foundation junction. The lateral load at which 
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the longitudinal reinforcement of columns yielded in tension at a strain of 
0.0028 was recorded. The yield loads were found to be 89 kN, 97 kN and 116 
kN for column L-0-0, L-0.19-0 and L-0.5-0, respectively. The final failure 
occurred in unconfined columns due to concrete crushing at the compression 
side, that is, shear-compression effect dominates the specimen behavior and 
failure. The ultimate lateral load was defined as the maximum load beyond 
which the load started to drop. 
The initial occurrence and locations of tensile, shear or flexural cracks, 
or crushing of concrete could not be observed in the case of confined columns 
due to the presence of FRP system. However, the change in FRP color was 
observed within the plastic hinge zone of column which indicated the separation 
of fiber sheets from the concrete surface.  This was confirmed by tapping on the 
FRP systems using a metal rod or a coin. Near the failure of columns, the 
sounds of hardened epoxy breaking within the hinging zone were increasingly 
heard, indicating the severity of the lateral deformation. The final failure 
occurred due to FRP rupture at the compression face of the column near the 
column-foundation junction. In addition, at the FRP rupture region, the crushing 
of concrete was also observed.  
To check the cracking pattern, the FRP sheets were removed from 
columns after the tests. A few fine flexural cracks were observed on the 
concrete at the tensile face. There were no inclined shear cracks in FRP 
confined columns. Figure 4.17 shows the appearance of confined columns with 
one and two plies of FRP sheets. CFRP delamination and concrete crushing on 
the compression face of the capsule-shaped column L-0.19-2 is shown in Figure 
4.17(a). Figure 4.17(b) and (c) shows the regions of CFRP debonding, CFRP 
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rupture and concrete crushing for L-0-1 and L-0.5-1. Figure 4.17(d) shows the 
specimens L-0-1 and L-0.5-1 after stripping off the CFRP sheets following the 
completion of the tests.  
4.8.1.2 Cyclic test 
The variation of cyclic loads vs. strains in longitudinal steel and FRP surface are 
shown in Figure 4.18 and 4.19 respectively. The outermost steel bar first 
yielded in tension at the bottommost section of column in the 3rd cycle of 
loading. At first yielding of the steel reinforcement, the displacement of the 
column at the top was 7.3 mm and the corresponding lateral load was 100 kN. 
The steel bar in tension placed next to the outermost bar at the bottommost 
section of column was the next to yield at lateral loading of 124 kN; the 
corresponding lateral displacement of column at top was noted as 15.6 mm.  
Figure 4.20 shows the appearance of the damaged column LC-0.19-2. 
There were no visual signs of damage in the column until 11th cycle of loading. 
The debonding of CFRP sheets was checked by tapping the surface with a coin 
at each peak displacement. The first debonding occurred at the right face of 
column near the column-foundation junction in 11th cycle of loading. At that 
time, the displacement of column at top was 30 mm with the lateral loading of 
130 kN. With the increase in loading, the gradual debonding of FRP sheets was 
noted at the left face of the column. The strength degradation occurred in 12th 
cycle of loading direction when the lateral load dropped to 117 kN from 139 
kN. The maximum lateral loads in loading and unloading direction were found 
as 139 kN and -161 kN respectively with the corresponding displacement of 
31.9 mm and -30.9 mm. The lateral loading at the failure point was -111 kN in 
12th cycle i.e. in unloading condition with a displacement of -27 mm. At failure, 
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FRP rupture occurred at the base of the column as shown in Figure 4.20. 
Crushing of concrete was also observed where FRP sheets ruptured. The most 
severe failure region was found up to a height of 250 mm from the base of the 
column.  
4.8.2 Lateral load-displacement response 
Figure 4.21 shows the lateral load – displacement characteristics of all columns 
under pushover loading. The slopes of the lateral load – displacement curves of 
unconfined and FRP-confined columns were same up to the yielding of flexural 
reinforcements. This indicates that FRP confinement did not affect the initial 
stiffness of columns. After the yielding, the lateral displacement significantly 
increased for columns confined with one and two plies of FRP sheets than the 
unconfined columns.  
Displacement ductilities of columns in Group A were as 1.5, 1.9 and 2.6 
for columns L-0-0, L-0-1 and L-0-2 respectively. Thus, by the applied FRP 
confinement with one ply of FRP sheets in the case of L-0-1, the shear failure 
was prevented and also, the ductility was enhanced by 27%. In case of column 
L-0-2, the additional one ply of FRP sheet in the plastic hinge region allowed 
the column to undergo larger inelastic displacement. The ductility of L-0-2 was 
increased by 73% from unconfined column L-0-0.  
Figure 4.21 (b) shows the load-displacement characteristics of Group B 
columns. Like Group A columns, the externally bonded FRP reinforcement 
facilitated the significant enhancement in ductility for Group B columns. The 
displacement ductilities were calculated as 2.2, 2.9 and 4.9 for L-0.5-0, L-0.5-1 
and L-0.5-2 respectively. The proposed reprofiling method helped to improve 
the FRP confining action in the capsule-shaped columns. Thus, the ductility for 
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column L-0.5-2 was enhanced by 123% from the unconfined column L-0.5-0. 
The lateral load capacity of columns L-0.5-1 and L-0.5-2 were 25% and 43% 
higher than the column L-0.5-0. In this reprofiling method (shape parameter 
∆h/b = 0.5), the added semi-circular segments with longitudinal steel 
reinforcement might be the reason for this high enhancement in lateral load 
capacity.  
Figure 4.21 (c) shows the load-displacement characteristics of Group C 
columns. It is evident that the CFRP confinement significantly enhances the 
inelastic displacement of the confined columns compared to the unconfined 
column. The displacement ductility were calculated as 2.2, 3.3 and 5.6 for L-
0.19-0, L-0.19-1 and L-0.19-2 respectively which indicates that the ductilities 
were increased by 50% and 154% for one and two plies of CFRP sheets 
respectively. The lateral load capacity of the column L-0.19-2 was increased by 
20% from L-0.19-0. Thus, in this type of reprofiling method, the lateral load 
capacity cannot be increased much by external FRP confinement. 
The lateral load vs. top displacement relation for column LC-0.19-2 as 
recorded from transducers marked DT2R and DT2L is shown in Figure 4.22. 
The displacement curves obtained from these two transducers are nearly the 
same. It indicates that there was no horizontal slip of the column at the base. 
The maximum displacement ductility (µ) in cyclic load test was calculated as 
4.65 in the push direction and 4.0 in the pull direction in 11th cycle for a yield 
displacement of 7.3 mm. The maximum drift ratio was 3.6 in 11th cycle. It is 
evident that the external FRP confinement efficiently prevented the strength and 
stiffness degradation of the column LC-0.19-2 at early stage of loading and 
thus, high value of ductility was achieved. 
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The lateral load-displacement curve obtained from the cyclic load (LC-
0.19-2) test was compared with column subjected to the pushover load test (L-
0.19-2) as shown in Figure 4.23. It is observed that the load-displacement curve 
from the pushover test nicely forms the backbone curve of the cyclic test. The 
ultimate lateral load and displacement were slightly higher in the pushover test 
than the cyclic load test. This is probably because of the strength degradation of 
column near failure in the cyclic test. 
4.8.3 Effect of reprofiling 
To evaluate the effect of reprofiling in confinement, the load-displacement 
profiles of L-0-1, L-0.19-1 and L-0.5-1 are shown in Figure 4.24 (a) and the 
same for L-0-2, L-0.19-2 and L-0.5-2 are shown in Figure 4.24 (b). The ultimate 
lateral load of L-0.5-1 was increased by 53% from the rectangular column L-0-
1. This is primarily due to the addition of circular segments in L-0.5-1 which 
result in better confinement. The ultimate lateral load of column L-0.19-1 was 
increased by only 22% from L-0-1 since the area of concrete and longitudinal 
reinforcement of L-0-1 and L-0.19-1 are almost same. Thus, in reality, if the 
intended use of retrofitting of columns is to accommodate higher live loads on 
the structure, then the method of reprofiling with shape parameter 0.5 should be 
followed. 
The proposed reprofiling schemes facilitated the enhancement in 
inelastic displacement of L-0.19-1 and L-0.5-1 to a large extent than the 
rectangular column L-0-1. The same trend was observed in the case of L-0.5-2 
and L-0.19-2 in comparison with L-0-2 [Figure 4.24(b)]. Overall, the results 
indicated that the rectangular columns in existing buildings and bridge piers 
with high aspect ratios may possibly be reprofiled according to the proposed 
 111
Chapter 4 Analysis and testing under lateral loading  
reprofiling methods in order to achieve better confinement effect. In addition it 
would help to attain higher inelastic displacement during severe earthquakes.   
4.8.4 Effect of CFRP systems  
From the foregoing discussion on the lateral load-displacement characteristics 
of columns under pushover loading (Figure 4.21), it is evident that externally 
bonded FRP systems can provide adequate confinement to shear deficient 
columns to prevent shear failure when confined with one ply of CFRP sheet 
along the entire shear span. Thus, the failure mode was observed to change from 
shear-compression in unconfined columns to CFRP rupture along with some 
crushing of concrete for confined columns. 
By applying one ply of FRP sheets over the full height of columns, the 
inelastic displacements of confined columns were also increased significantly 
from the unconfined columns. To further enhance the inelastic displacement, 
only the plastic hinge zones of columns were wrapped with additional one ply 
of CFRP sheets. To enhance the displacement ductility and drift ratio, this 
scheme of retrofitting has proved very effective to a large extent. 
Figures 4.25 and 4.26 represent the variation of displacement ductility 
and drift ratio with the numbers of CFRP plies in plastic hinge region 
respectively. It can be observed that both the shear and flexural retrofitting 
method helped to enhance the ductility and drift ratio of columns. It is evident 
that the ductility of rectangular columns is much lower than the re-profiled 
columns. For Group B and Group C columns with one ply of FRP sheet in 
plastic hinge region, the ductility is almost same. A sharp increase in ductility 
(70%) can be observed for L-0.19-2 from L-0.19-1. Also, for L-0.5-2, the 
ductility was enhanced by 43% from L-0.5-1. But, the ductility was increased 
 112
Chapter 4 Analysis and testing under lateral loading  
by only 30% for L-0-2 from L-0-1. This indicates that the confinement effect is 
most effective in case of Group C columns, that is, with shape parameter 0.5. 
The drift ratio, defined as the maximum lateral displacement to the 
height of column, was also enhanced by CFRP retrofitting as shown in Figure 
4.26. For specimen L-0.19-2 the maximum drift ratio was found as 4.5. From 
literature, it was observed that the displacement ductility was enhanced from 1 
(drift ratio 0.8%) for unconfined column to 2.2 (drift ratio 3.4%) for columns 
retrofitted with two plies of CFRP sheets for square column (200 mm x 200 
mm) (Colomb et al. 2008). Thus, it is evident that the proposed reprofiling and 
retrofitting method are reasonably efficient for strengthening of columns. 
4.8.5 Moment-curvature response 
Figure 4.27 represents the moment-curvature profile of all columns subjected to 
pushover loading. The moment was calculated by multiplying the lateral load by 
the distance from the loading point to the base of column. The curvature was 
calculated from the strain gauge readings from flexural reinforcement at both 
the compression and tension side. These curvatures correspond to the section of 
columns at a distance of 50 mm from the top of the foundation. The initial slope 
of the moment-curvature profiles provides the initial stiffness of the cracked 
column. It was found that the initial stiffness of all the columns were not 
affected by the FRP confinement irrespective of the thickness of FRP plies.  
To find the initial stiffness of the uncracked columns, firstly, the 
moment of inertia (I) and the elastic modulus (E) for Group A, Group B and 
Group C columns, were calculated. If the columns are considered as a cantilever 
column, then the stiffness can be calculated according to  
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EIK =                                                                                                        (4.22) 
where, 
L is the height of the column.  
From the moment-curvature profile of rectangular columns in Group A, 
the flexural rigidity EItest has been calculated as 1.05x1013 N-mm2. For 
uncracked condition, the EI value has been calculated as 1.52x1013 N-mm2. 
Hence, the initial stiffness reduction factor for rectangular column is 0.7. For 
Group B and Group C columns, the initial stiffness reduction factors were 
calculated as 0.63 and 0.68. For unconfined columns L-0-0, L-0.5-0 and L-0.19-
0, shear failure occurred just after the first yielding of flexural reinforcement. 
Curvature of the columns increased significantly after yielding which proves 
that by providing external confinement to the columns by FRP reinforcement, 
curvature ductility could be enhanced. 
The moment-curvature profile of specimen LC-0.19-2 is shown in 
Figure 4.28. The curvature was calculated from the strain gauge readings 
obtained from strain gauges fixed on CFRP surface. After the 10th cycle, the 
strain gauges were spoilt. The moment-curvature profile of specimen L-0.19-2 
under pushover loading is also shown in Figure 4.28 for comparison. The 
moment-curvature curve from pushover test adequately envelopes the same 
obtained from cyclic test up to a maximum lateral loading of 132 kN. 
4.9 Comparison of theoretical, numerical and experimental 
results 
The ultimate load capacities of all columns according to the theoretical and 
numerical predictions are compared with the experimental results in Table 4.4. 
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Under lateral loadings, the strains in the prestressed cables have changed 
resulting in a change in axial load not more than 10-15%. Hence, in numerical 
and theoretical prediction, the axial load was considered constant to simplify the 
analysis. 
It can be observed from Table 4.4 that the theoretical predictions of the 
ultimate lateral load capacity are matching well with the test results with a 
maximum error of 18% as found for specimen L-0.19-1. In spite of few 
discrepancies, the test loads in most of the cases matched the numerical 
predictions reasonably well. The mean and standard deviation values of the 
ratios of measured and predicted ultimate load capacities are calculated as 1.11 
and 0.05 for theoretical prediction while 1.09 and 0.08 for numerical prediction. 
In general the ultimate capacity as computed from numerical and theoretical 
models falls in the conservative side. Hence, notwithstanding over-predictions, 
it can be inferred that both the numerical and theoretical models perform 
reasonably well in calculating the ultimate lateral load capacity. 
Figures 4.29, 4.30 and 4.31 represent the load-displacement profile of all 
columns as obtained from the experiments along with the theoretical and 
numerical predictions. As can be seen, for most of the columns, theoretical and 
numerical models predicted the ultimate displacement reasonably well except 
specimen L-0-1. For specimen L-0-1, probably some stress concentration 
occurred at the corners of the rectangular section which resulted in FRP rupture 
just after the attainment of the ultimate load.  
4.10 Summary 
This chapter discussed the performance of axially loaded CFRP confined 
capsule-shaped RC columns subjected to lateral loading. To increase the 
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confinement effect from externally bonded FRP reinforcement, reprofiling of 
rectangular sections have been proposed by the addition of two circular concrete 
segments and thus forming a capsule-shaped section. In this study, rectangular 
columns with aspect ratio 4 have been re-profiled by the two re-profiling 
methods using shape parameters (∆h/b) of 0.19 and 0.5. 
It is evident from the present study that the proposed reprofiling method 
is effective to provide better confinement effect to rectangular columns and 
thus, can improve the deformation characteristics. In addition, it was observed 
that the CFRP confinement with one ply of FRP sheet in full height of column 
prevented shear failure of columns; and the additional ply in the plastic hinge 
zones significantly enhanced the ductility.  
Test results indicated that the lateral load-carrying capacity of 
rectangular columns increased with the enlargement of the sections at the short 
ends using circular segments. The ultimate lateral displacements of such 
capsule-shaped columns were increased with the application of transverse 
carbon FRP sheets. While a nominal increase in ductility were found for 
rectangular columns, the displacement ductility and drift ratio were found to be 
largest in columns with an intermediate shape parameter value of 0.19. 
One FRP-confined column with shape parameter 0.19 (LC-0.19-2) was 
tested under cyclic loading and it was found that the CFRP confinement 
efficiently prevents the stiffness and strength degradation suggesting that the 
proposed method will be efficient for seismic retrofitting as well. 
 116
Chapter 4 Analysis and testing under lateral load 
 
 
Table 4.1 Theoretical prediction of lateral load and displacement for test 
columns 






L-0-0 25.1 98 100 Shear 11.5 
L-0-1 24.2 254 107 Flexure 19.2 
L-0-2 23.1 396 113 Flexure 28.1 
L-0.5-0 26.6 129 136 Shear 9.4 
L-0.5-1 23.9 306 156 Flexure 20.9 
L-0.5-2 27.2 484 180 Flexure 30.3 
L-0.19-0 25.2 106 107 Shear 13.8 
L-0.19-1 25.6 263 121 Flexure 23.9 
L-0.19-2 24.6 418 133 Flexure 32.8 
 f’co = cylinder strength 
Pu,sh = Predicted ultimate lateral load based on shear capacity 
Pu,flex =  Predicted ultimate lateral load based on flexural capacity 













steel MPa MPa 
εy εu
6mm mild 245 402 0.0015 0.1 
10 and 13 
mm deformed 528 672 0.0028 0.13 
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Table 4.3 Test results 
 
Pyield,test Pult,test ∆ y ∆u Drift ratio (%)  Specimen 
 (kN)  (kN) 
Failure 
mode 
 (mm) (mm) 
µ ∆
(∆u / L) 
L-0-0 89 98 Shear 9.0 14.0 1.56 1.5 




8.3 16.0 1.93 1.7 
L-0-2 109 125 Same as  L-0-1 10.5 27.3 2.6 2.9 
L-0.5-0 116 142 Shear 6.4 14.0 2.2 1.5 




6.3 22.1 3.5 2.4 
L-0.5-2 125 203 Same as  L-0.5-1 6.3 31.7 5.0 3.4 
L-0.19-0 97 122 Shear 9.1 20.3 2.2 2.2 




8.2 26.9 3.3 2.9 
L-0.19-2 104 147 Same as  L-0.19-1 7.6 42.3 5.6 4.5 
 
∆ y = Yield displacement 
∆u = Ultimate displacement 
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Table 4.4 Comparison of observed ultimate lateral load capacity with theoretical 
and numerical predictions   
 
Pult,test Pult,theo Pult,num Pult,test Pult,test
Specimen 
 (kN)  (kN)  (kN) Pult,theo Pult,num
L-0-0 98 98 102 1.00 0.96 
L-0-1 116 107 114 1.09 1.02 
L-0-2 125 113 120 1.11 1.04 
L-0.5-0 142 129 122 1.10 1.16 
L-0.5-1 178 156 160 1.14 1.11 
L-0.5-2 203 180 165 1.13 1.23 
L-0.19-0 122 106 113 1.15 1.08 
L-0.19-1 142 121 129 1.18 1.10 
L-0.19-2 147 133 132 1.10 1.11 
   
Average 1.11 1.09 
   
Standard 
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Figure 4.5 Fiber approach in SEISMOSTRUCT 
 

















































                                                                                              Diagram                    Column 
 
Figure 4.6 Modeling of 2D frame in SEISMOSTRUCT 
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 Group ‘A’ Column (L-0-0, 1, 2) 
g. ste 2.4 %Ag)
Area, Ag = 44100 mm2
el area = 1062 mm2 (= Group ‘B’ Columns (L-0.5-0, 1, 2) 
g. st 2.5%Ag) 
Area, Ag = 52,759 mm2
eel area = 1327 mm2 (=  
 
 
Group ‘C’ Columns (L-0.19-0, 1, 2) 
ng. ste .26%Ag) 
Area, Ag = 46,989 mm2



















               
SG: Strain Gauge on longitudinal steel;   Strain gauges on transverse links 









































              
T10 Links – 9nos. T13 Long. Steel – 4nos. @ top 
and bottom 
T13 Long. 
s. Steel – 10no
6mm links @ 
100mm c/c 
940 
Strain gauge on transverse links
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Figure 4.10 Front elevation of Test Set-up 
 














































































































































































































































































































































                          






















































                      (a) L-0-1                                                          (b) L-0.19-2 
                    (c) L-0.5-1    (d) L-0-1 and L-0.5-1 
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   (b) FRP debonding in LC-0.19-2            (c) FRP debonding and 
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               Figure 4.24 Effect of section geometry 



















































































                           Figure 4.26 Variation of drift ratio with numbers of CFRP plies 
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Figure 4.28 Moment-curvature profile of column L-0.19-2 
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In this chapter, two case studies are presented. First, a numerical analysis of a 4-
storey frame of a residential building, subjected to pushover loading is 
presented. The analysis was carried out using the software RUAUMOKO (Carr 
2002a). This building was built around 40 years back in Singapore. Like other 
existing buildings around the world, this building frame also has inadequate 
shear reinforcements in columns. Thus, the columns are vulnerable to brittle 
shear failure during any strong earthquake. Transversely bonded FRP 
reinforcement on columns has been proved to be very efficient to prevent the 
shear failure as well as to enhance the inelastic displacement of columns as 
discussed in Chapter 4. Thus, in this case study, the columns in the building 
frame which are weak in shear, are retrofitted by external FRP reinforcement. 
Pushover analysis has been carried out on both as-built and FRP-retrofitted 
frame to compare the performance.  
Next, one of the bridge piers (Pier 2) of a multi-span highway bridge in 
California, partially collapsed in the 1994 Northridge Earthquake, was chosen 
for another case study. This pier, termed hereafter as Northridge bridge pier, 
was reported to have collapsed due to inadequate shear capacity (Fenves and 
Ellery 2008). In light of the experience gained from the present study, the pier 
was proposed to be retrofitted by FRP wrapping. Subsequently, the capacities of 
the as-built and the retrofitted pier were compared.  
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In addition, the cross-section of the Northridge bridge pier was modified 
to achieve a cross-sectional aspect ratio of 4.4 to represent a full-scale prototype 
pier of the tested column LC-0.19-2 presented in Chapter 4. The seismic 
adequacies of Northridge bridge pier with (a) section aspect ratio of 3.0 and (b) 
section aspect ratio of 4.4 have been checked against seismic demand as per 
Northridge earthquake.  
To evaluate the capacity of the building columns and bridge pier, the 
hysteresis behavior of each component of the structure is needed. The hysteresis 
parameters of the unconfined concrete columns were taken from the previous 
studies by Kong (2003) and Li (2006). The hysteresis parameters of FRP-
confined column were determined by calibrating a finite element (FE) model 
using the cyclic response of the FRP-confined capsule-shaped column (LC-
0.19-2) as shown in Chapter 4. The hysteresis parameters thus obtained were 
subsequently used in the nonlinear dynamic analysis of the building columns 
and bridge pier. 
5.2 Modeling of FRP-confined column  
A non-linear 2D macroscopic FEA model using RUAUMOKO has been 
developed herein to simulate the cyclic response of FRP-confined capsule-
shaped column LC-0.19-2 as shown in Figure 4.22 in Chapter 4. Although, FRP 
confinement effect cannot be modeled in RUAMOKO, its contribution had been 
considered in calculating the axial force-moment interaction yield surface and 
bilinear moment-curvature profile. 
The column has been modeled as a half-scale cantilever of height 0.94 m 
representing the length between base and point of contraflexure. One 2D frame-
type concrete beam-column element was used for modeling, and was fixed at 
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the base and free at the top. The inelastic flexural behavior of the frame-type 
element follows the theory of the Giberson one component model (Carr 2002a) 
as shown in Figure 5.1.  
To define the frame type, member property, elastic section property 
(elastic Young modulus, cross-sectional area, shear area, effective moment of 
inertia and weight per unit length of the member), member bilinear factor, 
plastic hinge length (Lp), yield surface and hysteresis parameters are required. 
The effective moment of inertia was calculated by multiplying the gross 
moment of inertia with the initial stiffness reduction factor of 0.4 obtained from 
cyclic test. 
 The plastic hinge length (Lp) was calculated as 226 mm according to 
Equation 4.20 in Chapter 4. Moreover, from the experimental study by Aycardi 
et al. (1994) the plastic hinge lengths were found to vary from 0.74h to 1.35h 
for columns with high axial loads and between 0.47h to 0.6h for low axial loads 
on columns, where h is the depth of column. Accordingly, the plastic hinge 
length of the tested column varies between 216 mm to 276 mm for axial load 
ratio of 0.3. Hence, the plastic hinge length has been taken as 250 mm in the 
FEA modeling. 
The material strength and the yield surface of member have been 
calculated for unconfined compressive strength of 25 MPa. The yield strengths 
of longitudinal reinforcement and transverse steel links were taken as 528 and 
245 MPa respectively. To define the axial load-moment interaction yield 
surface of member as shown in Figure 5.2, seven parameters are required which 
are PYC, PB, MB, M1B, M2B, M0 and PYT. The values of elastic section 
properties and yield surface parameters are listed in Tables 5.1 and 5.2. 
 148
Chapter 5 Case studies 
To represent the inelastic behavior of member, the Modified Takeda 
degrading stiffness hysteresis rule has been used as shown in Figure 5.3. To 
define the hysteresis rule the required parameters are: 
1. Unloading stiffness parameter (α) which controls the fatness of the hysteresis 
loop and the plastic residual deformation, and is given by 
 

















2. Reloading stiffness parameter (β) which reflects the stiffness degradation 
between two subsequent cycles and is given by 






3. Post yield stiffness factor or bilinear factor (r) which influences the strength 
enhancement after yielding and is given by  
                                                                       




ψy = Curvature corresponding to the 1st yielding of longitudinal steel 
ψu = Curvature corresponding to the failure of specimen 
My = Yield moment 
Mu = ultimate moment  
The above-mentioned parameters were determined by calibrating the FE model 
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In the cyclic load test of LC-0.19-2, the applied constant axial load was 
325 kN. In FE analysis, this vertical static load on column is incorporated in 
LOAD option. To apply the cyclic loading on column as shown in Figure 4.15, 
“Cyclic adaptive pushover displacement time-history” option of loading was 
chosen.  
5.2.1 Calibration of FEA model 
The cyclic response of LC-0.19-2 obtained from FE analysis and experiment are 
shown in Figure 5.4. It is evident that the numerical model reasonably matches 
with the test result. Figure 5.5 represents the cycle by cycle comparison between 
FEA and test results of LC-0.19-2. The yielding of longitudinal steel occurred in 
2nd cycle. In RUAUMOKO, the hysteresis rule did not account for the stiffness 
degradation before yielding. Hence, in the first two cycles, there are some 
disparities in the FEA and test results. But, after yielding, the FEA results 
reasonably predicted the load-displacement profile for all cycles. This ensures 
that the proposed FEA cyclic model is reliable to predict the hysteretic 
performance of columns under cyclic loading. The best-fitted values of α, β and 
r have been found to be 0.7, 0.2 and 0.15 respectively. The proposed FEA 
model with the hysteresis parameters are used in the following case studies. 
5.3 Case Study 1: Sub-frame of a 4-storey residential building 
A sub-frame from a reinforced concrete low rise building built in 1970s in 
Singapore has been chosen here as case study 1. The plan view of the entire 
building and the elevation of the critical frame are shown in Figure 5.6(a) and 
5.6(b) respectively. The prototype building was a slab block and the lateral 
resistant capacity of the weakest sub-frame is chosen here for the capacity 
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evaluation. The shear wall effect has not been considered in the analysis. The 
reinforcement detailing of the columns do not satisfy the shear reinforcement 
requirement as per the modern concrete design codes. Thus, some retrofitting 
methods are warranted to enhance the capacity of the structure. 
To identify the failure mode of the as-built frame and to identify the 
weakest column, a numerical study on as-built frame has been carried out. 
Subsequently, retrofitted frame has been studied and the results have been 
compared with the as-built frame.  
5.3.1 FEA modeling of sub-frame 
The FEA model of the sub-frame is shown in Figure 5.7. The sub-frame is a 
four storey three bay structure. The first storey height is 3.2 m while the heights 
of other three stories are 2.7 m. Dimensions and reinforcement details of 
columns are given in Table 5.3. The slab thickness is 100mm and the width of 
beams and columns are 200 mm. Design yield strength of longitudinal 
reinforcing bars and transverse steel links have been taken as 460 and 250 MPa 
respectively. The unconfined compressive strength of concrete was 16 MPa 
which is very common in old buildings. Dead load due to finishes and partition 
has been taken as 1.2 kN/m2 and 1.0 kN/m2 respectively. Live load on the floor 
is 1.5 kN/m2. The load combination has been considered as (1.2dead 
load+1.6live load) according to ACI 318-08. 
The frame has been modeled using 2D RUAUMOKO. In the FEA 
model, to be conservative, infill walls are not included as the structural 
components for simplicity. Columns and beams are modeled with frame type 
RC beam-column element and one-component beam element respectively with 
the appropriate reduced stiffness. The FEA meshing denoting nodes, element 
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and sectional properties are shown in Figure 5.7. There are 20 nodes, 28 
elements and 11 sectional properties in the FEA model. Among the 20 nodes, 
nodes 6, 10, 14 and 18 were master nodes of floors 1-4. Among the 28 
elements, elements 1-16 were used to model columns and elements 17-28 were 
used to model beams. Among the 11 element sections, sections 1-9 were for 
columns, section 10 was for typical storey beams and section 11 was for roof 
beams.  
For the FRP-retrofitted frame, ground floor columns marked as sections 
3 and 5 in Figure 5.7 have been reprofiled with shape parameter of 0.19. The 
original depths of these sections were 800mm and by reprofiling, the depth 
became 876mm.  
5.3.2 Member properties 
The definition of a cross-section in 2D dimension involved elastic section 
properties (elastic Young modulus, shear modulus, cross-sectional area, 
effective moment of inertia), initial force (distributed self-weight), yield surface 
and hysteresis rules. The details of the input values are as follows. 
Elastic sectional properties 
Moment of inertia I was calculated by multiplying the value of gross cross-
sectional inertia by the reduction factors (that is 0.4 for columns and 0.35 for 
beams). Input of mass was incorporated as nodal lump weight in WEIGHT 
option. Values of the elastic sectional properties are listed in Table 5.4. The 
lengths of the plastic hinges were taken as 0.5h for columns and 0.5h for beams 
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Yield surface of the members 
The contributions of reinforcing bars were through the yield moment surface. 
The values of the seven yield surface parameters (PYC, PB, MB, M1B, M2B, 
M0 and PYT) are listed in Table 5.5.  
Hysteresis rule 
The stiffness degradation was considered by defining hysteresis rules. The 
modified Takeda Hysteresis model as shown in Figure 5.3 was adopted. The 
parameters α and β obtained from the tests for FRP-confined column are: α = 
0.7, β = 0.2. For unconfined columns, α = 0.5, β = 0.1, and for beams α = 0.4, β 
= 0.1 (Li Zhijun 2006). The bilinear factors have been calculated as 0.06 and 
0.075 for unconfined and FRP-confined columns respectively. For beams, r is 
calculated as 0.026. 
5.3.3Boundary conditions 
Boundary conditions of the base of columns have been simulated as fixed ends. 
To simulate the diaphragm effects of slabs, nodes on each floor were slaved to 
the corresponding master nodes.  
5.3.4Vertical and lateral loads 
Vertical loads and masses have been applied separately in RUAUMOKO. Self-
weights of columns were given as the initial axial loads in elements when 
member properties were defined as listed in Table 5.4. Distributed loads on 
beams were considered as equivalent nodal loads in the input of LOAD option.  
In the pushover analysis of frame, lateral loads were applied at the 
master nodes of each floor and were increased until the failure of the structure. 
The nonlinear distribution of static lateral loads, which is incorporated in the 
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SHAPE option of RUAUMOKO, was calculated according to Australian 









Fx ∑ == 1                                                                                           (5.4) 
where, 
n  =  the total number of storeys 
Ggx =  the total gravity load located at storey x 
Ggi = the total gravity load located at storey i 
hx =  the height above the base of the structure to storey x 
hi   =  the height above the base of the structure to storey i 
Vb = the total horizontal earthquake base shear force which is taken as 1% of 
total gravity load of the frame 
k is an exponent related to structure period, T;  
k = 1.0                   when T ≤  0.5 sec; 
k = 1.0 + 0.5 (T - 0.5)      when  0.5 ≤  T ≤  2.5 sec; 
k = 2.0                   when T  0.5 sec; ≥
The natural period of the structure is calculated by the following expression by 





HT 09.0                                                                                             (5.5) 
where H is the total height of the structure in meters and L is the length of the 
structure in the direction of earthquake in meters. According to Equation 5.5, T 




Chapter 5 Case studies 
5.3.5 Failure identification 
To estimate the capacity of a structure, identification of the failure mode / 
failure point is necessary. The two failure criterions which were checked herein 
are: (a) Flexural failure and (b) Shear failure and the identification of the failure 
points were performed by manual checking. To check the flexural failure, firstly 
moment capacities of the elements were calculated according to Section 4.2.1.2 
in Chapter 4. The calculated moment capacities have been compared to the 
moment envelope of the pier obtained from FE analysis and accordingly, failure 
point could be identified. The shear capacity of the structure could be estimated 
in the same way as flexural capacity. The theoretical calculation of shear 
capacity for FRP-confined has been given in Section 4.2.1. The shear forces 
obtained from FE analysis have been checked against the calculated shear 
capacity and the failure points were identified.  
5.3.6 FEA results and discussion 
The total base shear/gravity load (Vb / Wg) vs. overall drift ratio (∆ / H) curves 
for the as-built and retrofitted frame obtained from pushover analysis are shown 
in Figure 5.8. The shear forces in elements 1 to 4 were added together to 
calculate the total base shear. The gravity load (Wg) of the frame was calculated 
as 957 kN. The overall drift ratio was calculated as the displacement of top floor 
divided by the height of the frame. 
The ultimate moment capacity of elements 2 and 3 were calculated as 
524 kNm and that of elements 1 and 4 were calculated as 311 kNm according to 
Section 4.2.1.2 in Chapter 4. In numerical analysis of the frame, elements 2 first 
reached its ultimate moment capacity at the overall drift ratio of 1.24% and Vb / 
Wg of 50.5%.  The 1st shear failure occurred in element 3 of the frame, when the 
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shear force in this element reached it’s shear capacity of 158 kN at Vb / Wg of 
39% corresponding to ∆ / H of 0.51% as shown in Figure 5.8 and this point 
indicates the 1st failure of the frame. The 2nd shear failure occurred in element 2, 
which had same shear capacity as of element 3, at Vb / Wg of 42% corresponding 
to ∆ / H of 0.6 %. The shear force in element 1 and 4 were found much lower 
than their capacity. 
Since, failure of the frame occurred due to inadequate shear capacity of 
element 2 and 3, thus, retrofitting was needed for them to enhance the shear 
capacity as well as the drift ratio. The shear and moment capacities of elements 
2 and 3 were calculated considering two plies of transverse FRP confinement.  
The failure point of the retrofitted frame has been identified by manual 
checking in the same way as as-built frame. The ultimate moment capacity of 
FRP-confined elements 2 and 3 was calculated as 600 kNm while the shear 
capacity was calculated according to Equation 4.2 (see Chapter 4) as 750kN. 
From pushover analysis, it was found that element 2 first reached its ultimate 
moment capacity at Vb / Wg of 70% corresponding to ∆ / H of 4.3% as shown in 
Figure 5.8. The shear forces in the elements at this failure point were much 
lower than the corresponding shear capacity. Hence, for retrofitted frame, the 
flexural failure occurred. The overall drift ratio of the retrofitted frame, 
corresponding to 1st flexural failure, was calculated as 3.9 times higher than the 
drift ratio found in as-built frame as shown in Figure 5.8.  
Hence, it is evident from case study 1, that by FRP confinement of 
internal ground floor columns of the frame, shear failure has been prevented and 
drift ratio is enhanced significantly. 
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5.4 Case study 2: Northridge Bridge Pier 
5.4.1 Case study 2(a): Pier with section aspect ratio of 3.0 
The shear failure in bridge piers during Northridge earthquake is shown in 
Figure 5.9. This pier was built prior to the 1971 San Fernando earthquake in 
California. At that time, minimal transverse reinforcement had been provided. 
The cross-section and elevation view of the bridge pier with section aspect ratio 
of 3.0 is shown in Figure 5.10. The provided shear reinforcement in Northridge 
bridge pier (16mm links @ 300mm c/c) actually did not satisfy the minimum 
shear reinforcement required according to ACI 318 and BS 8110 as given 
below: 
(ACI 318)                                                                       (5.6) 
(BS 8110)                                                                  (5.7) 
the transverse links 
einforcement can lead to brittle shear 
failure 
capsule-shaped cross-section of the pier was 
 pier instead of hexagonal shape and tapered 
yvv fbsA /35.0≥
yvv fbsA 95.0/4.0≥
where b is the width of pier (1230mm), s is the spacing of 
and fyv is the yield strength of steel links.  
Hence, most of the damage to bridges in the Northridge earthquake was 
not surprising since deficiencies in shear r
of piers. FRP retrofitting of these piers could be beneficial and thus, in 
this case study, pushover analysis was carried out on them to evaluate the 
capacity. To study the seismic adequacy of the FRP-confined pier, dynamic 
analysis was also performed. 
5.4.1.1 FEA modeling of pier 
For simplicity, a constant 
considered along the height of
section. The height of the pier above ground level was 8.67 m. The cross-
sectional aspect ratio of pier was 3.0 with a gross area of 4.21 m2. The 
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longitudinal reinforcement ratio was 2.45%. The shear reinforcement consisted 
of capsule-shape hoops of mild steel bars of 16 mm diameter at a spacing of 300 
mm along the height. The yield strengths of longitudinal steel and steel links 
were 460 MPa and 310 MPa respectively. The dead load from superstructure 
was taken as 14400 kN. The concrete cylinder compressive strength of the pier 
was taken as 34 MPa. The bridge pier was modeled as a cantilever column 
consisting of one frame type element in RUAUMOKO as shown in Figure 5.11. 
The dead load from the superstructure is considered as a lumped mass and is 
applied at node 2.  
The nonlinear pushover analysis was performed for as-built pier and 
FRP-confined pier. For FRP confinement, carbon fiber sheets have been used 
and th
in Figure 5.12 is applied in EQUAKE option of RUAMOKO.  The 
simulat
ent capacity of pier as calculated according to Section 4.2.1.2 was 
lope of the pier obtained from FE analysis and 
 calculation of shear capacity 
e properties were given Tables 3.2 and 3.3 in Chapter 3. The elastic 
section properties and the axial load-moment interaction yield surface 
parameters for both as-built and FRP-confined section are given in Tables 5.6 
and 5.7.  
For dynamic analysis, Northridge earthquake acceleration-time history 
as shown 
ed ground motion near the pier had a Peak Ground Acceleration (PGA) 
of 0.5g.  
5.4.1.2 Failure identification 
The mom
compared to the moment enve
accordingly, failure point could be identified. 
The shear force obtained from FE analysis was compared with the 
calculated shear capacity. The theoretical
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accordi





 = contributions from concrete, transverse steel and axia
ent to the total shear capacity 
urvature ductility factor (µψ) as follows: 
                          (5.12) 
 
ng to ACI 318 (2008) for FRP-confined column is given in Section 
4.2.1.  
It has been found that the shear force resisted by the concrete part of 
column
l deformation of a column that is for low ductility the concrete 
contribution to the total shear strength is much higher than for the large inelastic 
deformation (Aschheim and Moehle, 1996). Considering the curvature ductility 
of column, Priestley et al. (1996) proposed a new set of shear capacity 
equations which are given by 
                                                                                  (5.8) 
where 
pscshear VVVV ++=










l load Vc, Vs and Vp
compon
Ae = Effective shear area taken as the 80% of gross area; 
k has been expressed as a function of c
k = 0.29 for 1 ≤ µψ  ≤ 3                                                        
k = 0.43 - 0.048µψ     for 3 < µψ  ≤ 7                                                               (5.13)
k = 0.15 – 0.0073µψ     for 7 < µψ  ≤ 15                                                           (5.14) 
k = 0.04     for  µψ  ≥ 15                                                                                   (5.15) 
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Av = Total area of shear reinforcement in a layer in the direction of the shear 
force 
fyv =  Yield strength of steel links 
s along the height of column 
tical inclined flexural shear 
crackin
gure 5.13 shows the contribution of axial force to column shear 
strengt
ated using both ACI 318 
(2008)
lacement curves obtained from pushover analysis up 
significantly for a well-designed pier with adequate shear capacity. 
s = center to center distance of link
h’ = core dimension, from center to center of links 
In Equation 5.10, θ is the angle of the cri
g to the column axis and was proposed as equal to 30° by Priestley et al. 
(1996).  
Fi
h. The axial compression load on column is denoted by P. For cantilever 
column, the angle α is the angle formed between the axis of the column and the 
strut from the point of load application to the center of the flexural compression 
zone at the plastic hinge region (Priestley et al. 1996). 
The shear capacity of the pier has been calcul
 and Priestley et al. (1996) approach (Equation 5.8). Then, the shear force 
envelope obtained from FE analysis has been checked manually to locate the 
failure point at which the calculated shear capacity is reached. 
5.4.1.3 Pushover analysis 
The shear force vs. top disp
to flexural failure for the as-built and FRP-confined pier are shown in Figure 
5.14. The shear forces corresponding to the flexural failure have been found as 
9120 kN and 9910 kN respectively. Flexural failure occurred in as-built and 
FRP-confined pier at displacement levels of 0.16m and 0.25m respectively. It is 
evident that by FRP confinement, the inelastic displacement could be enhanced 
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After identifying the flexural failure point, the numerical results have 
been checked to find any shear failure in pier. To identify the shear failure 
point, 
lity factor of 0.9. 
Priestle
l. (1996) approach which 
indicate
calculated according to Equation 4.2 for 
confine
the shear force of the as-built and FRP-confined pier obtained from 
pushover analysis was plotted against the curvature ductility factor as shown in 
Figure 5.15. The theoretical shear capacity of as-built and FRP-confined pier 
calculated by ACI 318 (2008) model and Priestley et al. (1996) approach for 
different ductility levels are also depicted in the same graph. The shear failure 
point was identified when the theoretical shear capacity curve (Equations 4.1 
and 5.8) intersects the shear force curve obtained from FEA.  
By ACI model, the shear capacity of as-built of column has been 
calculated as 5839 kN corresponding to the curvature ducti
y et al. (1996) approach gave a higher shear capacity of 8210 kN for 
curvature ductility of 5.1. The top displacement of pier corresponding to shear 
force of 8210 kN has been found as 0.057m with a drift ratio of 0.66% while by 
ACI model, the drift ratio at failure was only 0.23 %.  
Thus, the shear capacity of the pier was found much less than the 
flexural capacity by both ACI model and Priestley et a
s the as-built pier was weak in shear and warranted some retrofitting to 
prevent the brittle shear failure. 
To calculate the theoretical shear capacity of FRP-confined pier, the 
shear component VCFRP was 
ment with two plies of CFRP sheets. VCFRP has been later added with 
Vshear in Equation 5.8 to calculate the total shear capacity of FRP-confined pier 
for different ductility level.  
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Figure 5.15 represents the theoretical shear capacity curves for FRP-
confined pier by ACI model and Priestley et al. (1996) approach. According to 
ACI m
redictions by Priestley et al. (1996) approach 
up to c
-built and FRP-confined pier have been 
ic adequacy, dynamic analysis has been carried out on the 
ed pier. The shear demands from dynamic analysis have 
odel, the shear capacity of FRP-confined pier has been calculated as 
8319kN. The theoretical shear capacity curve by Priestley et al. (1996) 
approach intersected the numerically obtained shear force curve at 9140 kN 
which indicates the shear failure of pier.  The curvature ductility corresponding 
to the shear failure point was noted as 6.7. By FRP-retrofitting, the shear 
capacity has been enhanced by 11% with an increase of 31% in curvature 
ductility. The top displacement of pier corresponding to shear force of 9140 kN 
has been found as 0.08 m which shows a drift ratio of 0.9% which is 36% 
higher than the as-built column.  
From this study, it is evident that the predicted shear capacities by ACI 
model were much less than the p
urvature ductility factor of 7. Beyond this ductility factor, both models 
actually gave identical predictions.  
5.4.1.4 Seismic demand and capacity 
The seismic adequacies of the as
checked by two methods: (a) Dynamic analysis of pier and (b) By response 
spectrum analysis. 
(a) Dynamic analysis 
To check the seism
as-built and FRP-confin
been checked against the theoretical shear capacity of the pier according to ACI 
model and Priestley et al. (1996) approach. The time history of the curvature 
ductility factor and shear force obtained from the dynamic analysis of as-built 
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pier are shown in Figure 5.16 and 5.17. The curvature ductility factor was 
calculated as the curvature obtained from dynamic analysis divided by the yield 
curvature obtained from the pushover analysis. It was found that the maximum 
curvature ductility factor occurred at 8th second of time history when the 
ductility factor was 5.1. Hence, at this stage there is a drop in shear capacity 
according to Priestley et al. (1996) approach. The maximum shear demand in 
as-built column is found as 8800 kN from dynamic analysis while the capacity 
was calculated as 5839 kN (by ACI method) and 8210 kN by Priestley et al. 
(1996) approach for curvature ductility of 5.1.  
The time history of the curvature ductility factor and shear force 
obtained from the dynamic analysis of FRP-confined pier are shown in Figure 
5.18 an
ic adequacy of pier is by comparing the 
he seismic demand for a specific earthquake. 
d 5.19.  The maximum shear demand was obtained as 8940 kN. The 
maximum curvature ductility factor was found as 5.0 at 12th second of time 
history. The corresponding shear capacity was calculated as 8319 N and 10563 
kN by ACI method and Priestley et al. (1996) approach respectively. Hence, 
according to Priestley et al. (1996) approach, the proposed retrofitting scheme 
using the external FRP-confinement prevented the shear failure of the bridge 
pier. Hence, the seismic capacity of the FRP-confined pier satisfied the seismic 
demand as per Northridge earthquake.  
(b) Response spectrum analysis 
Alternative method to evaluate the seism
seismic capacity of the pier with t
Seismic demand could be obtained by response spectrum analysis using the 
earthquake acceleration – time history. For a seismically adequate structure, the 
seismic capacity of the structure should be greater than the seismic demand 
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imposed on the structure by the specified ground motion. The point at which the 
seismic demand and capacity meet is called as the performance point. 
The capacity of a structure is generally represented by a pushover curve 
in base shear - displacement format while the seismic demand curve is generally 
represe
6) approach have been used herein to obtain the 
seismic
the Northridge earthquake, the acceleration-time history as 
shown 
iscous 
nted by spectral acceleration-displacement format. Thus, the base shear – 
displacement curve needs to be converted to the spectral acceleration (Sa)-
displacement (Sd) format. For this, the shear-displacement curve of a structure is 
to be divided firstly by the modal participation factor. By this, the response of a 
MDOF system is converted to the equivalent SDOF system response. 
Afterward, the modified shear force envelope of the equivalent SDOF system is 
to be divided by the mass of the system to calculate the spectral acceleration 
(Sa). In this study, the pier was modeled as a SDOF system and thus, the modal 
participation factor was 1.0.  
The shear-displacement curves (Figure 5.15) up to the shear failure 
points by Priestley et al. (199
 capacity curves of the pier. Since, the Northridge bridge pier had very 
low curvature ductility capacity and at this low range of curvature ductility, it 
would be reasonable to consider the shear capacity predicted by Priestley et al. 
(1996) approach.  
To find the seismic demand (Spectral acceleration vs. spectral 
displacement) for 
in Figure 5.12 has been used. The seismic demand for 5% damping, 
found from SEISMOSIGNAL software (2011), is shown in Figure 5.20.  
When earthquake ground motion drives a structure into the inelastic 
range, then the damping of the structure is actually a combination of v
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dampin
                                                                                   (5.16) 
where,  
s
teretic damping which was proposed by Chopra (1995) as follows 
= energy dissipated by the structure in a single cycle of motion, that is, the 
losed by a single hysteresis loop as shown in Figure 5.21. 
 spectral acceleration of the capacity spectrum 
aximum spectral displacement of the capacity spectrum 
l damping of the 
ping ratios of the as-built 
g which is inherent in the structure and hysteretic damping. Thus, the 
seismic demand should be reduced from the elastic, 5% damped design 
spectrum to consider both the hysteretic and viscous damping. The total 
damping of the structure in inelastic range is calculated from the capacity 
spectrum as follows: 
                                                                                   
     05.00 += ββ eq










Eso = the maximum strain energy associated with that cycle of motion and is 
given by 
   
where 
pipiso daE 5.0= (5.18) 
api = maximum
dpi = m
The reduced seismic demand curve is calculated for the tota
structure as calculated from Equation 5.16. 
The seismic capacity curves (Sa - Sd format) of the pier up to the shear 
failure points are shown in Figure 5.22. The total dam
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P-confined pier have been calculated as 31% and 36% respectively 
corresponding to the end point of the capacity spectrum curves as shown in 
Figure 5.21. The seismic demand curve for 31% damping is superimposed with 
the seismic capacity spectrum as shown in Figure 5.21. If the seismic capacity 
spectrum intersects the demand spectrum, it indicates that the capacity of 
structure exceeds or meets the seismic demand and thus, the seismic capacity is 
adequate. It is evident from Figure 5.21, that in case of the as-built pier, the 
seismic capacity did not meet the seismic demand for Northridge earthquake.  
The seismic capacity spectrum of FRP-confined pier intersected the 36% 
seismic demand curve at spectral acceleration of 0.61g and spectr
ement of 0.078 m. The seismic demand actually reduces with the 
increase damping in structure. Therefore, it is evident that since the seismic 
capacity curve of FRP-confined pier intersected the 36% demand curve, then it 
would also cut the 38% demand curve. Thus, the seismic capacity of FRP-
retrofitted pier met the seismic demand for Northridge earthquake.  
The identification of the performance point of a structure is done by 
iteration process. The location of the performance point must 
ships: (a) the point must lie on the capacity spectrum curve in order to 
represent the structure at a given displacement, and (b) the point must lie on a 
spectral demand curve, reduced from the elastic, 5% damped design spectrum, 
to represent the nonlinear demand at the same structural displacement. The 
following steps have been followed to identify the performance point for FRP-
confined pier: 
(i) First, a trial performance point has been chosen very close to the end 
point of the cap
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 (ii) The total damping (Equation 5.16) has been calculated as 35% from 
the capacity spectrum up to the trial performance point.  
aph showing capacity 
spectru
ithin 5% tolerance. So, the trial performance point is 
the act





(iii) The demand spectrum for 35% damping corresponding to the trial 
performance point has been plotted in the same gr
m (Figure 5.22).  
(iv) The 35% demand spectrum intersected the capacity spectrum at the 
trial performance point w
ual performance point of the pier. If the demand spectrum did not 
intersect the capacity spectrum with acceptable tolerance then a new trial 
performance point should be selected and the above steps would be followed 
again. Thus, for FRP-confined pier, the seismic capacity matched the seismic 
demand which indicates the seismic adequacy of the pier for Northridge 
earthquake. The drift ratio corresponding to the performance point of the pier 
has been found as 0.89%. 
Here, two methods have been used to check the seismic adequacy of the 
pier as (a) dynamic analy
y of the as-built pier did not meet the seismic demand by the both 
checking methods as shown in Figures 5.17 and 5.22. The seismic capacity of 
the FRP-confined pier exceeded the seismic demand as found from the dynamic 
analysis and response spectrum analysis as shown in Figures 5.19 and 5.22.  
The hysteretic damping of the pier was calculated considering an 
idealized hysteresis loop. For pinched loop, as might me obtained fr
ental study of the pier, it is recommended to calculate the actual area of 
the loop instead of any approximation. 
 167
Chapter 5 Case studies 
5.4.2 Case study 2(b): Pier with section aspect ratio of 4.4 
The actual cross-section of Northbridge bridge pier has been modified herein to 
ave a cross-sectional aspect ratio of 4.4. The cross-section of the modified 
gitudinal steel 
to this modified pier. The 
elastic 
re 
capacity curves calculated by ACI 318 (2008) and 
h
bridge pier is shown in Figure 5.23. The shear span ratio, lon
reinforcement and axial load ratio were taken as the same as of Northridge 
bridge pier with aspect ratio 3.0. The height of this bridge pier was considered 
as 12.8 m to keep the same shear span ratio of 2.37.  
It has been found from case study 2(a), that the proposed FRP-
retrofitting scheme prevented the shear failure of Northridge bridge pier. Hence, 
the same FRP-retrofitting scheme has been applied 
section property and the axial load-moment interaction yield surface 
parameters for both the as-built and FRP-confined modified pier are shown in 
Tables 5.6 and 5.7. The bilinear factors have been calculated from the section 
analysis as 0.03 and 0.05 for the as-built and FRP-confined pier. The numerical 
modeling has been done in RUAUMOKO and the same failure identification 
criteria as in Northridge bride pier have been followed to check the capacity. 
5.4.2.1 Pushover analysis 
The shear force vs. top displacement curves obtained from pushover analysis up 
to flexural failure for the as-built and FRP-confined pier are shown in Figu
5.24. The theoretical shear 
Priestley et al.’s approach (1996) have been shown in the same figure to 
identify the failure point. For the as-built pier, shear capacity calculated by ACI 
318 (2008) and Priestley et al.’s approach (1996) intersected the numerically 
obtained shear force envelope at 8760 kN and 11400 kN (at curvature ductility 
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factor of 6.5) respectively. Hence, the pier needed FRP-retrofitting to prevent 
the shear failure. 
For FRP-confined pier, the theoretical shear capacity curves intersected 
the shear force curve obtained from FEA at 12396 kN and 12637 kN 
respect
odified bridge pier, the seismic 
idge earthquake ground motion by 
e same procedure as described in Section 5.4.1.4 for the pier with 
aspect 
ively as shown Figure 5.24. The curvature ductility factor has been found 
as 13.3 corresponding to the shear failure point. Hence the ductility of the pier 
became doubled by the FRP-confinement. The drift ratio at the shear failure 
point was calculated as 1.9.  
5.4.2.2 Evaluation of seismic adequacy  
To evaluate the seismic adequacy of the m
demand curve was obtained for Northr
response spectrum method as discussed in Section 5.4.1.4. From the capacity 
spectrum of the as-built and FRP-confined modified pier up to the shear failure 
point by Priestley et al.’s approach (1996), the total damping has been 
calculated as 37% and 43% respectively according to Equation 5.16. The 
seismic capacity and demand spectrum for 37% damping for the as-built pier 
are shown in Figure 5.25. It is evident from Figure 5.25, that the seismic 
capacity of the as-built pier did not meet the seismic demand for Northridge 
earthquake. 
The performance point for FRP-confined pier has been calculated 
following th
ratio 3 and is shown in Figure 5.25. The total damping (Equation 5.16) 
has been calculated as 40% from the capacity spectrum up to the trial 
performance point and the 40% demand spectrum intersected the capacity 
spectrum at the trial performance point within 5% tolerance. Hence, FRP-
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confinement enhanced the performance of the pier and it is evident that the 
seismic capacity of the pier met the seismic demand for Northridge earthquake 
as shown in Figure 5.25. The drift ratio of the pier corresponding to the 
performance point has been found as 1.6%.  
5.5 Summary 
In this chapter, a 2D nonlinear FE model has been presented for a FRP-confined 
olumn subjected to cyclic loading. This FEA model was 
e FE model of LC-
0.19-2.
as analyzed. To prevent the 
shear f
capsule-shaped c
validated using the test results, to obtain a reliable FEA model for analysis of a 
full-scale building frame and a bridge pier.  It was found that the proposed FE 
model can predict the load-displacement relationship and hysteresis 
performance of the test specimen with reasonable accuracy.  
In case study 1, FE analysis of a 4-storey building frame was carried out. 
The hysteresis parameters of the columns were taken from th
 The two internal ground floor columns of the as-built frame, which were 
found from FE analysis to be weak in shear, were retrofitted by externally-
bonded FRP reinforcement. The FE analysis of FRP-retrofitted frame showed 
significant increase in overall drift ratio as well as the failure mode was changed 
to flexural failure of columns from shear failure. 
In case study 2, a bridge pier which was collapsed due to inadequate 
shear capacity in 1994 Northridge earthquake w
ailure, FRP-retrofitting was proposed. The seismic vulnerability of the 
as-built and the FRP-confined bridge pier was evaluated by comparing the 
seismic demand and capacity curves through case study 2. Pushover analysis 
was carried out on the full-scale piers to obtain the capacity of the structure 
which was later compared with the seismic demand. The hysteresis parameters 
 170
Chapter 5 Case studies 
needed for FE analysis was obtained from the proposed FE model of the FRP-
confined column LC-0.19-2 subjected to simulated cyclic loading.  
From case study 2, it was found that the Northridge bridge pier was very 
weak in shear and the seismic capacity was much lower than the seismic 
demand
 and thus, it 
represe
. The proposed FRP-confinement method improved the seismic 
performance of the Northridge pier. By FRP-retrofitting, the shear capacity was 
enhanced by 11% with an increase of 31% in curvature ductility.  
The cross-section of the Northridge bridge pier had been modified in 
case study 2(b) to achieve a cross-sectional aspect ratio of 4.4
nted the full-scale prototype pier for the tested specimen LC-0.19-2. The 
capacity of the as-built pier was governed by the shear and was less than the 
seismic demand. By FRP retrofitting, the seismic capacity of the pier was 
significantly enhanced and therefore, the seismic capacity exceeded the seismic 
demand.  
 171
Chapter 5 Case studies 
Table 5.1 Elastic section properties of column LC-0.19-2 
Section E (kN/m2) G (kN/m2) A (m2) As (m2) I (m4) 
FRP-confined column  
(LC-0.19-2) 2.36E+07 9.79E+06 4.69E-02 3.91E-02 2.55E-04 
 
Table 5.2 Parameters of yield surface for column LC-0.19-2 













(LC-0.19-2) -1942 -1545 72 130 129 100 564 
 
Table 5.3 Dimensions and reinforcement details of 4-storey frame 
Members Dimension Longitudinal bars Shear Link 
Column A(1st storey) 200mm x 600mm 8 x T16 6mm@200mm 
Column A(2nd-4th 
storey) 200mm x 600mm 6 x T13 6mm@200mm 
Column B(1st storey) 200mm x 876mm 8 x T20 6mm@200mm 
Column B(2nd-4th 
storey) 200mm x 600mm 6 x T13 6mm@200mm 
Column C(1st storey) 200mm x 876mm 8 x T20 6mm@200mm 
Column C(2nd-4th 
storey) 200mm x 600mm 6 x T13 6mm@200mm 
Column D(1st storey) 200mm x 600mm 8 x T16 6mm@200mm 
Column D(2nd-4th 
storey) 200mm x 600mm 6 x T13 6mm@200mm 







Chapter 5 Case studies 
Table 5.4 Section properties of members of 4-storey frame 
Section A(m2) As(m2) I(m4) Self-weight(kN) 
1 0.12 0.10 0.0015 -9.22 
2 0.12 0.10 0.0015 -7.78 
3 0.17 0.14 0.0045 -13.82 
4 0.12 0.10 0.0015 -7.78 
5 0.17 0.14 0.0045 -13.82 
6 0.12 0.10 0.0015 -7.78 
7 0.12 0.10 0.0015 -7.78 
8 0.12 0.10 0.0015 -9.22 
9 0.12 0.10 0.0015 -7.78 
10 0.10 0.15 0.0010 0.00 
11 0.10 0.08 0.0010 0.00 
 
  Table 5.5 Input values to define the yield surface of sections in 4-storey frame 
Section PYC      (kN) 












1 -2350 -2119 180 310 299 150 740 
2 -1987 -1503 113 173 165 74 366 
3 -3504 -3267 339 550 545 400 1156 
4 -1987 -1503 113 173 165 74 366 
5 -3504 -3267 339 550 545 400 1156 
6 -1987 -1503 113 173 165 74 366 
7 -1987 -1503 113 173 165 74 366 
8 -2350 -2119 180 310 299 150 740 
9 -1987 -1503 113 173 165 74 366 
10 NA NA NA NA NA 205.30 NA 
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Table 5.5(a) Input values to define the yield surface of FRP-confined elements  
Section PYC      (kN) 












3 & 5 -4385 -3961 357 578 571 400 740 
 
Table 5.6 Elastic section properties of pier 
Sections E (kN/m2) G (kN/m2) A (m2) As (m2) I (m4) 
Northridge Bridge Pier - as-
built 2.74E+07 1.14E+07 4.21 3.51 2.50 
Northridge Bridge Pier - 
FRP-confined 2.74E+07 1.14E+07 4.21 3.51 2.50 
Modified Bridge Pier - as-
built 2.74E+07 1.14E+07 6.40 5.33 6.0 
Modified Bridge Pier - 
FRP-confined 2.74E+07 1.14E+07 6.40 5.33 6.0 
 
Table 5.7 Input values to define the yield surface of pier 














bridge Pier - 
as-built 




-187079 -170581 47100 82487 82000 60000 47446
Modified 
bridge Pier - 
as-built 
-284675 -258251 98793 161492 160000 100000 82800
Modified 
bridge Pier - 
FRP-confined 
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M (Bending moment) 
(PYC) 
P (Axial force) 
Note:  
The interaction is 
symmetric about the 
M=0.0 axis 
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Figure 5.4 Comparison between test result and FEA result of LC-0.19-2 
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 Figure 5.5 Cycle by cycle comparison of test results with FEA of
LC-0.19-2 178
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                     Figure 5.6 (b) Elevation of selected critical frame  
(All dimensions are in mm.) 
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Column C  Column D Column B Column A 
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                                         (b) Shear failure of pier 
 
 































          Longitudinal steel:  40nos. #18 (diameter 57.33mm) bars 
         Transverse Steel: #5 (diameter 16mm) links @ 300c/c 
 



























































































































Figure 5.13 Contribution of axial force (P) to column shear strength 
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By ACI 318 (2008)
By Priestley et al. (1996)
  
 



















































     
     Figure 5.16 Time history profile of curvature ductility factor for as-built pier 
 
 
               
        
                        






































By ACI 318 (2008) 
 
Figure 5.17 Time history profile of shear for as-built pier 






































            
  





























By Priestley et al. (1996) 
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               (b) ED = 4*area of the parallelogram= 4(apidpi-2A1-2A2-2A3) = 
 4(aydpi-dyapi)            
 
  Figure 5.21 Derivation of energy dissipated by damping (ED) 
Area enclosed by 
hysteresis loop = 4*area of 

















































































Figure 5.22 Evaluation of seismic adequacy of Northridge bride pier of section aspect ratio of 3 
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Figure 5.25 Evaluation of seismic adequacy of Northridge bridge pier with aspect ratio of 4.4 











































CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions 
The study focused on the effectiveness of the externally bonded FRP systems to 
increase the axial load capacity, shear capacity and ductility of FRP-confined 
capsule-shaped columns under axial and lateral loading.  
As reviewed in Chapter 2, the effectiveness of FRP confinement is 
maximum in circular columns. On the contrary, for square and rectangular 
columns, the confining pressure provided by the FRP systems varies over the 
cross-sections resulting in partial confinement of the concrete sections. 
Moreover, with the increase in section aspect ratios of rectangular columns, the 
confinement effectiveness decreases significantly. To increase the FRP 
confinement effect in case of rectangular columns, reprofiling of the column 
was proposed in this study. The shorter ends of the rectangular section could be 
rounded off by adding circular concrete segments and thus forming a capsule-
shaped section before applying the transverse FRP reinforcement.  
The principal conclusions from this study are as follows: 
1. According to the prediction by the proposed confinement models, the 
axial load capacities of capsule-shaped sections could be enhanced significantly 
by FRP confinement. Both confinement models predicted the axial load 
capacities of tested columns with reasonable accuracy. 
2. Test results showed maximum enhancement in axial load capacity of 
68% for capsule-shaped columns with section aspect ratio of 2. While for 
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capsule-shaped columns with section aspect ratio of 4, the average increase in 
axial load capacities was around 30%.  
3. A unified equation to calculate the effective confinement coefficient 
(ke) of circular, rectangular and capsule-shaped columns was proposed. Also, a 
parametric study has been done to calculate ke by varying the section aspect 
ratio (h/b) and corner radius to width ratio (r/b) of columns. For capsule-shaped 
columns with aspect ratio 2, the effective confined concrete area was 81% of the 
total area of column section. While for aspect ratio 4, the effective concrete area 
was calculated as only 36% of the total area which clearly explain the less 
enhancements in axial load capacities of columns with higher section aspect 
ratios.  
4. Theoretical and numerical models were proposed to predict the lateral 
load-displacement relationship of FRP-confined capsule-shaped columns. In 
these models, the confined compressive strength (f’cc) as obtained using the 
proposed confinement models as described in Chapter 3 was used to calculate 
the ultimate confined compressive strain (εcu) of the FRP-confined columns,  
5. As shown in Chapter 4, the predicted load-displacement profiles by 
theoretical and numerical models matched satisfactorily with the observed 
profiles. Thus, these models can be effectively used to predict the performance 
of laterally loaded FRP-confined capsule-shaped columns with high aspect 
ratios. 
6. It was found that the unconfined columns subjected to lateral loading 
were failed in shear irrespective of shape parameters. The CFRP confinement 
with one ply of FRP sheet in full height of the column prevented the shear 
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failure of columns; and the additional ply in the plastic hinge zones significantly 
enhanced the ductility of columns for all three shape parameters.  
7. The maximum displacement ductility of FRP-confined columns with 
shape parameter 0.19 and 0.5 were found as 5.6 and 5.0. On the other hand, for 
shape parameter 0, that is, for rectangular column, the displacement ductility 
was only 2.6. This indicates the efficiency of proposed reprofiling methods to 
enhance the FRP confinement effect for rectangular columns with high aspect 
ratios and thereby to increase the inelastic displacement.  
8. For FRP-confined column with shape parameter 0.19 (LC-0.19-2), the 
CFRP confinement efficiently prevented the stiffness and strength degradation. 
As a result, the displacement ductility was found to be as high as 4.1.  
9. To examine the proposed reprofiling and retrofitting technique in case 
of full-scale structure, pushover analysis has been carried out numerically on a 
building frame and a bridge pier. The FE analysis of FRP-retrofitted frame 
showed an increase in overall drift ratio of 3.9 times than the as-built frame.  
10. By FRP-retrofitting of Northridge bridge pier with section aspect 
ratio 3, the shear capacity was enhanced by 11% with an increase of 31% in 
curvature ductility. Thus, the seismic capacity of the pier was found adequate as 
per Northridge earthquake demand. The lateral load capacity of FRP-confined 
bridge pier with aspect ratio 4.4 was governed by the flexural failure and the 
seismic capacity of the pier exceeded the seismic demand. 
11. In simulating the Northridge bridge pier, the column was assumed as 
uniform along its height. But, in reality, many building columns and piers are 
tapered along the height. For retrofitting of tapered columns by external FRP 
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confinement, it is recommended to reprofile the tapered plastic hinge region as a 
uniform section before the installation of FRP systems. 
6.2 Recommendations for further research 
Some recommendations for further research are suggested below: 
1. The current study described in this thesis is confined to relatively small scale 
FRP-confined capsule-shaped columns under axial and lateral loads. To 
examine the effectiveness of FRP confinement for real applications in buildings 
and bridges, experimental investigation is necessary on large scale and full scale 
FRP-confined capsule-shaped columns. 
2. In the current study, the enhancements in lateral load capacity and ductility of 
FRP-confined capsule-shaped columns have been evaluated for a high section 
aspect ratio to examine the effectiveness of reprofiling. Further study is needed 
for section aspect ratios in the range of 2 to 4 considering the proposed 
reprofiling and retrofitting method. Besides varying the section aspect ratios of 
columns, high axial load ratios (like 0.4, 0.5), different amount of transverse 
steel reinforcements and different shear span to depth ratios should also be 
considered. 
3. To examine the effectiveness of confinement to prevent the stiffness and 
strength degradation of columns during earthquake, simulated seismic load test, 
that is, cyclic load test has been done on FRP-confined capsule-shaped column 
in this study. It would be more useful to study the seismic performance of FRP-
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